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ABSTRACT 
This thesis is concerned with the use of zone plate interferometers for 
the precise location of position. The thesis begins by discussing the 
use of the zone plate as an optical component and examines the 
wavefront aberrations that can occur in higher orders of diffraction. 
Interferometers applicable to the measurement of position are then 
reviewed, including interferometers that incorporate optical zone 
plates as beam dividers and beam combiners. 
A zone plate interferometer for defining and locating multiple 
posi tions in three-dimensions is reported. Here, a three-dimensional 
array of positions is defined by a two-dimensional array of reflective 
zone plates. An optical probe containing two zone plates completes the 
interferometer, and is used to locate the positions. 
The displacement sensitivity of the probe can be controlled at the 
optical design stage. The variation of sensitivity with wavefront 
geometry is explored and expressions are derived for the transverse and 
axial sensitivity in terms of the conjugates of the illuminating 
wavefronts. Various wave front configurations were experimented with and 
the resulting position location patterns recorded. The measured values 
of sensitivity to displacement are compared to theory. 
A version of this interferometer was designed and developed by the 
author, for checking the performance of three-coordinate measuring 
machines used in engineering metrology. The results of trials with the 
-interferometer, comparing the performance of measuring machines in 
several government laboratories, are reported. The averaged 
repeatability of setting, on one optically defined position, was found 
to be 1 ~ in the transverse directions and 6 pm in the axial 
direction. 
Resulting from this work, two simple devices for pointing are 
described. Each uses a pair of zone plates to define an optical axis. 
In one case, the axis is precisely located by positioning a coherent 
light source and observing the interference bands generated by the 
device. In the other, moire bands are observed in incoherent 
illumination. 
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W EIGHTS AND MEASURES may be ranked among the necessaries of life to every individual of human society.~ They 
enter into the economical arrangements and daily 
concerns of every family.~ They are necessary to 
every occupation of human industry; to the dis-
tribution and security of every species of property; 
to every transaction of trade and . commerce; to 
the labors of the husbandman; to the ingenuity of 
the artificer; to the studies of the philosopher; to 
the researches of the antiquarian; to the navigation 
of the mariner, and the marches of the soldier; to 
all the exchanges of peace, and all the operations 
of warS~ The knowledge of them, as in estab-
lished use, is among the· first elements of education, 
and is often learned by those who learn nothing 
else, not even to read and write. ~~ This knowl-
edge is riveted in the memory by the habitual 
application of it· to the employments of men 
throughout life. 
JOHN QUINCY ADAMS 
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Chapter 1 
INTRODUCTION 
This thesis reports on the development of an interferometer utilizing 
diffracting optical components to. define and locate . position. A 
particular problem is examined in which multiple positions in three 
dimensions are required to be located with an accuracy approaching 
1 ~m. It is related to the need for an accurate method of calibrating 
and verifying the performance of three-coordinate measuring machines 
used in engineering metrology. This approach replaces the conventional 
machine probe with an optical probe forming part of an interferometer. 
Optical systems in general offer several advantages over other devices 
incorporating mechanical and electrical sensors. They are becoming 
increasingly important for dimensional metrology in industrial 
environments. They can operate rapidly without physical or electrical 
contact and their development has been accelerated by the availability 
of lasers, photosensor arrays and microprocessor circuits for analysing 
the electrical outputs of sensors. A very important sensor field, only 
touched on here, uses optical fibres originally developed for 
telecommunications. The fibres are used both as light guides and also 
as an extremely sensitive medium able to convert external disturbances 
to phase, amplitude and polarization effects. A separate survey of 
commercially available sensors and instruments for dimensional 
metrology was made by the author and is referred to here (1). 
Diffracting optical components are also becoming.increasingly important 
as their light weight and ease of mass production are relevant to the 
needs of optical sensors. Some of the sometimes limiting optical 
effects associated with diffracting components e.g. high dispersion and 
the presence of other diffracted orders, can be used to advantage in 
several forms of diffracting sensors and instruments (2,3,4,5). 
The diffraction grating can perform the function of the prism in 
.dispersing light composed of different wavelengths. The optical zone 
plate can perform the function of a lens and form an image using 
illumination composed of a narrow band of wavelengths. The zone plate 
oan also act as a focussing beam divider when use is made of wave fronts 
redirected in more than one order of diffraction. The structure and 
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performance of such components is examined in Chapter 2. 
1.1 Verifying the performance of three-axis measuring machines 
Three-axis measuring machines are used to derive essential dimensions 
from the measurements of the positions in space of a number of pOints 
on a work-piece under test. Usually the pOints are located by bringing 
a probe, carried by three orthogonal slideways, into contact with the 
test piece. The cartesian coordinates of the points are then deduced by 
reading the slideway scales. The Abbe criterion requires that the 
scales are situated as close to the line of measurement as possible, to 
minimize the effects of errors in the slideways. 
The machines are checked by several methods, one of which is to measure 
a test-piece of known dimensions and compare the readings so obtained 
with those obtained using a machine in which the errors are minimal or 
well understood. The National Physical Laboratory (NPL) has purchased, 
from the Moore Special Tool Company, a top quality three-coordinate 
measuring machine shown in fig 1. The aim is to measure and compensate 
for any residual positioning errors so the machine can be calibrated 
and used as a primary standard. 
Conventional test pieces, parti cular ly those defining a 
three-dimensional array over a large. volume, are notoriously massive 
and cumbersome. Moreover, points within the structure are usually 
inaccessible. Lightweight space frames have been developed at the 
National Engineering Laboratory (NEL), but these only define a 
relatively small number of positions. They consist of spheres defining 
positions at their 'centres of curvature, connected by rigid support 
rods as shown in fig 2. The positions are located by touching the 
surfaces of the spheres with a mechanical probe, recording the machine 
readings, and calculating the centres of curvature (6). 
A combination length bar can be used as a length standard for the 
periodic monitoring of machine performance. The bar is lightly clamped 
at its centre in a vee block, itself secured' to the upper face of an 
angle swivel plate which may be set to any required angle (7). Another 
method uses magnetic ball bars to restrain the movement of the machine 
quill to describe the surface of a sphere (8). A high quality chrome 
steel ball is attached to each end of a bar, and each ball pulled into 
- 3 -
Fig 1 The NPL primary standard three- coordinate measuring machine 
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Fig 2 Mechanical transfer standards made at NEL. Each s pace frame 
consists of a stiff and lightweight framework linking a number 
of steel balls which provide reference pOints in space . 
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a corresponding trihedral socket with a permanent magnet. One·socket is 
attached to the machine quill, the other to the machine bed, and the 
balls ·are able to rotate in their sockets. Successive machine scale 
readings can then be compared for departure from ·the described 
spherical surface. 
An optical method is to individually calibrate or replace the scales of 
the machine using laser interferometers and check the slideways for 
orthogonality errors, wind etc (9). If each of the three slideways is 
considered to have three translational and three rotational degrees of 
freedom, and if the relative alignment of the slideways is included, 
there are 21 independent means by which an error can arise in the scale 
readings of the coordinates of the position of the probe. The probe 
itself can introduce more errors when locating a point on a workpiece. 
1.2 The optical calibration device 
The calibration device reported here uses the optical equivalent of the 
space frame to define a three-dimensional array of positions (10). Each 
position is located at the centre of curvature of a concave mirror, or 
at an equivalent position defined by a reflective zone plate. That is 
the unique position at which a small source of light can be placed to 
coincide with its inverted image, and is sometimes called the 
autostigmatic position. The array of positions is defined by a 
nominally two-dimensional array of reflective optical surfaces formed 
on a slab-shaped support, shown in figs 3 and 4. 
These surfaces are used in turn with an optical probe mounted on the 
machine quill, to complete an interferometer system. Chapter 3 reviews 
interferometry as applied to the measurement of position. The system 
described here exploits the well defined wavelength and coherence of 
the helium-neon laser emission and also uses diffracting optical 
surfaces as beam dividing and beam combining components. The optical 
wavefronts are designed to produce an interference pattern that is 
sensitive to transverse and axial movement of the probe while 
maintaining reduced sensitivi~y to environmental disturbances. The 
pattern is relayed to an observer who adjusts the position of the probe 
to locate the optically defined point. 
The precision with which the defined positions can be located is 
- 6 -
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Fig 3 A two-dimensional-array of zone plates defining 
a three-dimensional array. of pOints in space 
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Fig 4 
Arrays of zone plates, viewed in reflection in white light. Zone plates 
such as these can be used to define an array of positions in 
three-dimensional space, ie an "optical space-frame" as shown in fig 3. 
The original zone plates were formed in photographic emulsion as a 
recording of an optical interference pattern. See Chapter 2 for a 
fuller explanation. 
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examined in Chapter 4. The sensitivity to displacement depends on the 
radial shear that occurs between the reference and test wave fronts at 
the posi tion-defining zone plate. In one design, the maximum 
sensitivity to axial displacement is achieved by focussing one 
wavefront to a spot and allowing the other wavefront to fill the 
aperture at the zone plate. 
In another design, the transverse sensitivity is doubled while the 
axial sensitivity is reduced to a minimum. This is achieved by filling 
the position defining zone plate with both wavefronts, one being 
inverted with respect to the other. This design is proposed for a 
rugged form of two-dimensional scale in which the fiducial marks are 
defined by a linear array of zone plates. As with the three-dimensional 
location system, any damage occurring to part of a zone plate does not 
completely destroy the fiducial mark, but only reduces the extent of 
the interference pattern relaying the position information. 
In the form of interferometer originally proposed by Gates, the cone 
angles subtended by the reflected wavefronts altered when moving the 
probe from one position defined by the array to another position at a 
different distance from the array. This necessitated a shift in the 
posi tion of spatial filters in the probe and led to a change in the 
size and displacement sensitivity of the interference pattern being 
moni tored. The main contribution by the author, introduced in 
Chapter 5, was to design and develop an interferometer in which these 
factors remained constant. The interferometer utilizes the zero order 
of diffraction at the position defining zone plate. The form of a plane 
wave front reflected this way is unaffected by the transverse or axial 
position of the zone plate. This means a constant geometry reference 
wavefront can be used when locating positions defined by different 
focal length zone plates. The nature of the displacement sensitive 
pattern, and methods of monitoring it are described in Chapter 6, 
In Chapter 7, an experimental rig is described. This enabled the 
effects of different combinations of wave fronts to be readily explored 
in the laboratory. The interference patterns associated with particular 
wavefronts were photographed for a range of position settings. The 
results were then compared with the predictions of displacement 
sensitivity made in Chapters 4, 5 and 6. 
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The rig also enabled different methods for monitoring the interference 
patterns to be investigated. One method was to introduce a relative 
phase shift over a spatially divided field. The position setting was 
then made by comparing the signals derived from photodetectors placed 
in segments of the field. Another method was to modulate the phase of 
the entire field with time. Phase sensitive detection could then be 
used to enable the position setting to be made. 
A prototype calibration system was built and the results of field 
trials reported in Chapter 8. These compared the positioning 
performance of measuring machines in several government laboratories. 
An array of 12 zone plates, was used to define an array of 12 positions 
in space. Each zone plate was a resin replica of an original, formed as 
a recording in photoresist material of a fine interference pattern. The 
replica array was placed- on the bed of the machine under test and the 
optical probe attached to. the quill. 
The probe was driven to locate each optically defined position and the 
machine readings of the position- coordinates were recorded. The 
distances between all pairs of points were calculated, and grouped 
according to vector direction. Deviations from the mean values of the 
groups were used to describe the performance of the machine and optical 
location system. An estimate of the performance of the optical system 
alone was gained by making repeated measurements using a high quality 
measuring machine, such as the Moore machine at NPL. 
1.3 The pointing interferometer 
Arising from this work was the development of a pointing 
interferometer, described in Chapter 9. - This is intended for use in 
alignment along with the auto collimator and alignment telescope. An 
.optical axis is defined by the interferometer. If a coherent source of 
illumination is used, the source can be positioned on or near the axis 
by observing the pattern of interference bands produced by the system. 
Existing pointing interferometers use reflecting and refracting 
surfaces. This device uses diffracting surfaces that are light in 
weight and easily replicated. Typical alignment repeatability was 
0.4 sec of arc. A moire pattern version is also described for use with 
incoherent light and where less precision is required. 
- 10 -
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Chapter 2 
ZONE PLATES AS OPTICAL COMPONENTS 
In Chapter 3, interferometers for the measurement of optical wavefronts 
and hence for the location of the positions of the optical components 
producing those wave fronts are to be described. Some interferometers 
are described that utilize components that operate by the diffraction 
process, eg the scatter plate, and the zone plate. It is now possible 
to make diffracting components of high quality and efficiency and these 
can perform the functions previously carried out by mirrors, beam 
dividers, prisms and lenses. In this chapter, the structure and 
performance of the zone plate as an optical component, are examined. In 
particular, the wavefront aberrations that occur when the zone plate is 
used in higher orders of diffraction as a beam divider, are examined. 
Diffraction gratings, consisting of an array of straight parallel lines 
on a plane substrate are well known. They may be formed by ruling in a 
thin reflective layer coated on a plane substrate, or by recording in a 
photosensitive layer a pattern of light and dark bands. Diffraction 
gratings perform a similar function to that of a prism in that incident 
light is deflected by an amount depending on the radiation wavelength. 
The zone plate was described by Lord Rayleigh and by Soret in 1875, and 
is a diffracting structure with optical power, i.e. the ability to 
focus light (1). It has since become known as the Fresnel zone plate, a 
diffracting screen composed of a series of concentric zones that are 
alternately transmitting and opaque. One way of making a zone plate is 
to draw a large number of such zones on a piece of card and photograph 
at reduced magnification on to a transparent substrate such as a glass-
plate, fig 1. 
The diffraction theory of the zone plate was studied by Cornu (2) and 
Wood (3). When illuminated with monochromatic light from a pOint source 
on the zone plate axis, a bright spot is produced, 
the axis by diffraction. Alternate zones of 
a t another point on 
the wavefront are 
obstructed by the plate to ensure that the transmitted zones give 
diffracted contributions that add constructively. Wave fronts derived 
from positions near to the on-axis source give rise to corresponding_ 
bright spots close to the first bright spot. The zone plate thus has an 
- 12 -
Fig The classical zone plate. The zones 
are alternately transmitting and opaque. 
imaging action similar to that of a lens (4). A higher efficiency is 
obtained if the alternate zones are phase retarded instead of 
·obstructed so as also to contribute to the intensity of the spot. 
When illuminated with a plane wavefront, the distance between the zone 
plate and the bright spot is called the focal length f and is related 
to the radius r of the nth alternate zone by the expression 
2 
r 
f = 2n A 
where X is the wavelength of the radiation. 
[2.1] 
The photograph in fig 2 was recorded with a 35 mm camera, the objective 
lens being replaced by a phase-modulating zone plate with a focal 
length of 150 mm. A filter was used to transmit radiation at 545 nm 
with a band width of 13 nm. Of this light about 23% was diffracted to 
form the image. The zone plate was formed in bleached photographic 
emulsion from a recording of an interference pattern, as described in 
section 2.1. With this type of zone plate the optical path modulation 
is generated by the approximately sinusoidal va.riation of refractive 
index with radius of aperture. 
- 13 -
Fig 2. Photograph recorded by the author, using a 35 mm camera. 
The objective was replaced by a phase modulating zone plate. 
The effective focal length was 150 mm, and the exposure was 
1/30 sec at f4 using 125 ASA film (ref 14). 
When forming the image of a point source as a bright spot, further and 
generally fainter spots can occur at positions closer to the zone 
plate. These spots are due to higher orders of diffraction. Here, the 
zone plate acts as· a focussing beam divider, producing several 
wave fronts of differing. curvature from one incident wavefront. The 
efficiency of diffraction in the various orders can be tailored 
somewhat by controlling the shape of the amplitude or phase 
transmittance profile, eg a purely sinusoidal profile will have the 
effect of diffracting light into the two first orders only. 
Reflecting zone plates hllve an imagirig action similar to that of a 
concave mirror and are formed by obstructing alternate zones of a 
reflective surface. A phase-modulating zone plate was fabricated by 
R W Wood by coating zones of metallic silver on the hypotenuse of a 
right-angle prism. The light reflected from the metal surface was phase 
shifted with respect to that light totally internally reflected by the 
glass surface (5). 
A special form of· the zone plate using only one zone, is the pinhole. 
This is able to form an image of a scene with an extremely large depth 
of field and a wide angular field (6,7). In an early application, the 
camera obscura described by Leonardo da Vinci, the pinhole was replaced 
by a more efficient simple lens. 
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2.1 Interferographic zone plates 
Zone plates can be made by recording an interferogram or hologram of 
two spherical wavefronts that are produced by conventional' optical 
components (8,9,10). The recorded structure then differs from the 
classical Fresnel zone plate in that the transmission function is no 
longer a square wave function. 
A system of interference fringes is formed in three dimensions by the 
interaction of two wavefronts that are mutually coherent. The fringes 
are made to intersect a photosensitive layer formed on a substrate. The 
latter usually has a plane surface, but sometimes spherical surfaces 
are used to advantage (11). The intensity distribution over the surface 
usually follows a sinusoidal variation, the depth of modulation 
depending on the relative intensity of the two wavefronts. 
Processing the exposed layer converts the incident intensity variations 
either to amplitude transmittance variations, a surface relief effect 
or a combination of the two. The spatial frequency of the recording is 
determined by the projection of the interference pattern on the 
photosensitive surface. This is known as a "thin" hologram. Alternative 
processing produces a refractive index variation through the depth of 
the photosensitive layer i.e. a "thick" hologram. 
If the surface is illuminated with one of the original wave fronts , the 
other wavefront is reconstructed by the diffraction process and the 
recording may be thought of as a hologram of the original optical 
component used to generate the original wavefront. When the curvature 
of the illuminating wavefront is different from the original wavefront, 
the'reconstructed .wavefront is also modified, in a similar'way to the 
refracted wave from the equivalent lens. However, the focal length of 
the zone plate depends on the illumination wavelength. 
The author makes the distinction here between the holographic recording 
and the interferographic recording process. In the former, the original 
wave front is reconstructed using a replica of the reference wavefront. 
In the latter, the wave front geometry at the recording stage is 
irrelevant, merely the position of the interference bands being 
important. The interferogram is then used as a screen to diffract 
illumination under a variety of conditions. 
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In an ideal recording material with a linear response, the record would 
contain a sinusoidal function corresponding to the incident intensity 
variations. In practice, a non-linear response will modify the recorded 
profile, giving rise to light diffracted into unwanted orders. 
An advantage of the "thick" holographic recording is that diffracted 
disturbances from successive optical layers can add, demonstrating the 
Bragg effect. Very high reflective efficiences are possible provided 
certain conditions of illumination are met. However, a departure from 
these often critical conditions can occur. A change of the illuminating 
wave front geometry, or wavelength, between recording and 
reconstruction, or a change in the layer spacing during photochemical 
processing, can mean a much lower efficiency will result. The "thin" 
recording is more versatile in this respect and operates over a wider 
range of conditions although at a lower efficiency than that obtained 
by the optimized Bragg effect. 
Optically fabricated structures have several advantages over 
conventional components. They are often cheaper and more readily 
produced and if in the form of a surface relief structure, more durable 
replicas may be formed by casting techniques. The structures may be 
overlapped in recording to produce unconventional focussing arrays, 
fig 4b, (12). This can be an advantage for example when defining 
closely spaced positions with an optical space frame, fig 4a. 
2.2 Interferometers for recording zone plates 
Two interferometers for recording zone plates are shown in fig 3. In 
fig 3a, a Mach-Zehnder arrangement, two wavefronts are incident on the 
same side of the photosensitive surface. The interference fringe system 
is nominally perpendicular to the recording substrate. The zone plate 
can be formed as a "thin" hologram for use in transmission as a lens or 
beam divider. This arrangement was used to record the zone plates used 
in fig 4b. They were recorded in photographic emulsion and used as the 
component ZP1 in the position-location interferometer of Chapters 4 and 
5. 
In fig 3b, an interferometer is shown in which the wavefronts are 
incident from opposing directions. These interact to form a fringe 
system of standing waves. Two plane wavefronts will form fringes made 
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b) 
Fig 3 Interferometers for recording zone plates 
a) Mach-Zehnder interferometer 
b) standing-wave interferometer 
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Fig 4a 
Zone plates can be overlapped during recording to form linear arrays. 
These examples were fabricated by the author in order to define, in 
reflection, linear arrays of closely spaced positions. 
Fig 4b 
A linear array of overlapped zone plates can be used in transmission to 
form a linear array of closely spaced images . The illustration shows 
multiple images produced this way using a single test chart as an 
object. 
The original zone plates were formed in photographic emulsion as 
recordings of an interference pattern. The surface relief was copied by 
casting in a polyester resin material supported by a glass substrate. 
In fig 4a the reflection efficiency was enhanced by vacuum coating the 
zone plates with a thin layer of aluminium. 
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up of planes of constant intensity and these can be recorded to form a 
"thick" hologram for use in reflection as a plane mirror. If the 
recording substrate is inclined to the standing waves, the contours of 
constant intensity within the recording layer can be recorded as a 
surface relief in a material such as photoresist. The exposed material 
is removed during processing to leave grating facets inclfned to the 
substrate. The inclined facets increase the diffraction efficiency in 
reflection. Sheridon recorded blazed diffraction gratings this way 
( 13). 
The blaze angle suits the wavelength of the recording illumination 
within the photosensitive layer. As the refractive index of the layer 
will be greater than that of air, the wavelength within the layer will 
be shorter than that in air. Gratings recorded this way in the blue 
region of the spectrum are often used in the ultra-violet where the 
diffraction efficiency is higher. Another way of making full use of the 
blaze effect is to use the grating illuminated from the rear through 
the transparent substrate, such that the incident light has a similar 
wavelength to that of recording. 
If the wavefronts are spherical, the interference pattern is made up of 
spherical "shells" of constant intensity as in fig 3b. These shells can 
be made to intersect the recording layer and the intensity contours 
recorded- to form a surface relief zone plate. The method was used to 
make zone plates to act as the component zp 2 in the position-location 
interferometer. 
In the Mach-Zehnder arrangement, high quality optical components are 
required. As the first beam divider operates in a collimated beam, 
plane parallel surfaces can be used without introducing wavefront 
aberrations. These can be in the form of an inclined plate or a cube 
beam divider. Now the zone plate pattern is formed by the interaction 
of wave fronts of differing curvature. The curvature is introduced by 
lenses in the arms of the interferometer and the wavefronts are 
superposed by a beam combiner. 
If one beam is collimated, a plane parallel plate may used as a beam 
combiner provided the spherical wave front is that which is externally 
reflected from the inclined surface. If both wave fronts are spherical, 
astigmatism will be introduced _ by the plate to the transmitted 
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wavefront. A cube combiner with external faces perpendicular to the 
optical axes can be used, but this will introduce spherical aberration. 
If both wavefronts have similar radii of curvature, the spherical 
aberration will be similar for both wave fronts and the net effect will 
be a minimal distortion of the zone plate pattern. 
Again to avoid astigmatism and coma in the wavefronts formed by the 
zone plate, the interferometer needs to be carefully aligned, ensuring 
the axis defined by the two wavefront centres is normal to the cube 
surfaces and to the recording plane. 
The standing wave interferometer is easier to construct and use. 
Provided the temporal coherence of the light source is sufficient to 
overcome the optical path differences, the standing wave pattern can be 
formed by reflecting a wavefront, diverging from a point source, from a 
spherical mirror. The mirror need not be of the highest optical quality 
as a small departure from sphericity has a minimal effect on the 
positions of the standing waves. The system is less sensitive to 
vibration than the Mach-Zehnder arrangement as the wavefronts mostly 
travel along similar paths. 
The simplest arrangement for recording zone plates is to illuminate the 
mirror with a point source placed at its centre of curvature. The image 
formed by the mirror is superposed on the source and the recording 
substrate placed close to the mirror surface. In practice the substrate 
can be supported by three bearing balls resting on the mirror surface 
and positioned in a light-weight frame. Zone plates made this way are 
used at wavelengths close to that employed for recording to avoid 
wavelength induced aberration. 
It is often necessary to record zone plates at wavelengths different to 
that intended for subsequent use. For example, it may be necessary to 
record in photoresist material which is sensitive in the blue region of 
the spectrum and use the zone plate in red illumination from a 
helium-neon laser. Section 2.4 describes the spherical aberration that 
can occur in the diffracted wavefronts. This may be corrected with 
compensating aberration built in at the recording stage, achieved by 
forming the standing wave pattern from two wavefronts of differing 
curvature. 
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The spherical aberration introduced by the parallel sided substrate and 
by the mirror operating at unequal conjugates can be also be allowed 
for in this way. Care must be taken to avoid coma and astigmatism by 
keeping the source and its image on an axis that is perpendicular to 
the recording substrate. Because of the unequal conjugates,i t is more 
difficult to align the source and its image. 
The reflection. efficiency of the zone plates made this way was further 
increased by coating the diffracting surface with a thin reflecting 
layer of aluminium. Typical examples of zone plates, recorded in the 
blue and used in the red spectral region, diffracted up to 30~ of the 
incident light into the first order. The first order wave fronts were 
spherical to better than one quarter wavelength ie better than the 
Raleigh criterion for diffraction limited performance. The use of 
unequal recording conjugates to compensate the wavelength induced 
aberration when recording with the Sheridon technique was suggested by 
the author. 
2.3 The zone plate structure 
Zone plates formed as above by recording an interference pattern, 
differ slightly from the classical Fresnel zone plate. The spacing of 
.the outermost zones is slightly modified and two particular cases can 
be considered (14). In fig 5a, a zone plate produces a collimated beam 
from a diverging beam. The semi-angle «, subtended by the zone plate at 
the source S, is sometimes referred to as the numerical aperture or NA. 
This is discussed in Chapter 4. If the radius of the nth. zone is r, 
then from equation [2.10] in the appendix to Chapter 2, 
i) [2.2] 
Fig 5b shows a zone plate producing an image of Sl at the same 
distance, 1, from the zone plate as the source distance. From [2.13], 
11) [2.3] 
In reflection this is similar to a spherical concave mirror illuminated 
at its centre of curvature, operating with a transverse magnification 
m = -1. ~, is the semi-angle subtended at the source. 
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Fig 5 Using the zone plate to produce 
a) a collimated beam from a point source 
b) an image at unit magnification 
c) several wavefronts from one incident wavefront. 
Various orders of diffraction are utilized. 
- 22 -
As can be seen, at small apertures where f > > nA, 1 " 2f and both 
structures resemble a classical Fresnel zone plate where the radius of 
the nth zone is proportional to ~n. At higher apertures, the additional 
term implies some spherical aberration would be present when using a 
classical zone plate under these conditions. 
The maximum spatial frequency of the zones, an important consideration 
when recording interferographic components, is 
dn r Ol 20<.. 
dr = f). = -y: = -X- [2.4] 
For the helium-neon laser, ). = 0.633)lm and the spatial frequency 
corresponding to a semi-angle Ol = 0.1 is 158 mm- 1• 
2.4 Spherical aberration induced by a change of wavelength 
To avoid limitations introduced by the spectral response of the 
recording material it is often necessary to form zone plates at a 
wavelength different from that intended for subsequent use and to allow 
for the change in focal length. If the zone plate is formed using two 
spherical wavefronts and then illuminated with a spherical wave front at 
a different wavelength, the focus position of the paraxial rays may be 
. different to that of the edge rays (15,16,17). 
Fig 6 reproduces interference patterns that show the spherical 
aberration introduced by a change of wavelength between recording and 
replay (18). The zone plate is acting in reflection like a concave 
mirror illuminated at its centre of curvature. The zone plate was 
recorded at 458 nm and is replayed at 458 nm and at 633 nm. At 633 nm 
the focal length is less. An area corresponding to a numerical aperture 
of 0.1 is circled showing that approximately one band of aberration has 
been introduced by the wavelength change. 
The effects of correcting for this wavelength induced aberration are 
illustrated in fig 7 (19,20). Figs 7a,b show the effect of introduCing 
aberration of opposite sign after recording by inserting a plane 
parallel plate in the diffracted beam. The zone plate is operating in 
reflection. Figs 7c ,d show the effect of changing conjugates during 
subsequent use. A wave front from a source placed at the focal position 
is collimated and then reflected from a plane mirror back to the zone 
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a) b) 
a) replayed at ).. = 458 nm when 2f = 207 mm 
b) replayed at A = 633 nm when 2f = 150 mm. NA = 0.1 circled. 
Fig 6 Interferometer comparisons of a spherical reference wave and the 
wavefronts diffracted by a zone plate (ref 18). The zone plate 
was formed in photoresist material and acted like a concave 
mirror. The source was placed at the effective centre of 
curvature at a distance 2f from the zone plate. 
Recorded at A = 458 nm. Zone plate diameter = 35 mm. 
plate, so as to produce a focus at the source position. A small amount 
of tilt has been introduced between the two wave fronts to clarify the 
spherical aberration. 
2.5 Spherical aberration due to diffraction in higher orders 
When the zone plate is acting as a lens or spherical mirror, the 
wavefront that is utilized is generally that diffracted 1n the first 
order. If it is required to produce a wavefront of higher numerical 
aperture, a higher di ffracted order may be u til ized. When the zone 
plate is required to act as a beam divider, wavefronts simultaneously 
diffracted in two or more orders are utilized. When used for position 
definition in the optical space frame array, one zone plate can define 
several coaxial positions this way. 
Even if the zone plate structure obeys equations [2.2J and [2.3J to 
produce one perfectly spherical wavefront, it may not be the case that 
wavefronts diffracted in other orders are spherical. An examination of 
the focal positions of the light diffracted into these orders by 
different annular areas of the zone plate shows that spherical 
aberration is introduced • 
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a) b) 
a) Conjugates for recording - 104 mm , 104 mm at ,,= 0.458 nm 
Replay conjugates - 15 mm , 15 mm at A = 0 . 633 nm. 
b) As a) but with partial compensation of wavefront aber ration . 
A plane parallel plate of thickness 50 mm and index 1. 46 
has been inse rted in the diffracted beam . 
c) d) 
Conjugates for recording - infinity, 94 mm at A = 458 nm . 
c) replay conjugates - infinity, 68 mm at A = 633 nm. 
d) As c) but change of replay conjugates to 351 mm, 84 mm. 
Fig 1 Interferometer comparisons of a spherical reference wavefront 
and the wave fronts diffracted in the first order , 
showing wavelength induced aberration and methods of correction. 
In a) b) the zone plate operates in reflection . Diam = 15 mm 
In c) and d) the zone plate acts in transmission. Diam = 13 mm 
The zone plates were recorded in photoresist material (ref 14). 
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The formulae relating wavefront aberration D. W to longitudinal 
aberration t:. f, and describing aberration in higher orders of 
diffraction, are derived in the appendix to this chapter. The spherical 
aberration is of a similar form to that produced by a wavelength change 
and has the following values for zone plates of types i) and il) 
described by equations [2.2] and [2.3]. 
Type 1) 
6 W = r 
4 
k
3 [1 __ 1 ] 
f3 8 k2 
[2.5] 
k is the order number, f is the focal length in the first order and r 
is the radius of the zone plate. As a guide to the magnitude of [2.5], 
for respective values of k = 1, 2, and 3, 
k
3 r 1 _ .!.-2] = 0, 0.75, and 3. 
8 L k 
If the numerical aperture is restricted to equal that subtended by the 
first order wavefront (1. e. by using an area of the zone plate of 
radius less than r) then 
[2.6] 
Type ii) 
= ~: ;: [1 -:2 ] AW [2.7] 
Restricting the numerical aperture to that subtended by the first order 
wavefront 
[2.8] 
The table in fig 8 lists calculated values of spherical aberration 
present in wavefronts produced by various orders of diffraction. 
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First order k = 1 
Focal length f 10 mm 50 mm 100 mm 
Numerical aperture N.A. O. 1 0.1 0.1 
Number of zones n 79 394 788 
Wave front aberration f1W 0 0 0 
Second order k = 2 
Effective f 5mm 25 mm 50 mm 
Effective NA 0.2 0.2 0.2 
f1W 1.21. 5.91. 11. 91. 
Restricted N .A. 0.1 0,1 0.1 
n 20 99 197 
f1W 0.071. 0.371. 0.741. 
Third order k = 3 
Effective f 3.3 mm 16.7 mm 33.3 mm 
Effective NA 0.3 0.3 0.3 
f1W 4.71. 23.71. 47.41. 
Restricted N .A. 0.1 0.1 O. 1 
n 9 44 88 
f1W 0.061. 0.291. 0.591. 
Fig 8 Calculated examples of spherical aberration of wavefronts 
diffracted in higher orders. The figures apply to a zone 
plate designed to operate at conjugate values of infinity 
and f in illumination of wavelength ~ = 0.6328 Ilm. 
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2.6 Other aberrations 
These are well covered in the literature. With increasing field angle, 
coma is introduced to the image formed by a zone plate more rapidly 
than to the image formed by a corresponding lens. This can be avoided 
by recording the interferographic zone plate on a spherical substrate 
of suitable curvature (21). 
Astigmatism in the image of an extended object can be minimized by a 
suitable choice of the axial position of an aperture stop (22). Pencils 
of rays from different points on the object then pass through different 
portions of the zone plate. Furthermore, such zone plates exhibit flat 
field for all pairs of conjugates for all field angles. 
2.7 Experimental results 
Interference patterns showing spherical aberration of wavefronts in 
higher orders of diffraction are shown in fig 9. A coherent light 
source is placed at the focal position corresponding to the order of 
diffraction being examined. The zone plate acts as a collima"tor to 
produce a plane wavefront which is then reflected by a plane mirror to 
be rediffracted by the zone plate. The resultant wavefront is compared 
with a spherical reference wave in an interferometer. The wavelength of 
recording and subsequent illumination is A = 0.6328 j11ll. 
Fig 9a shows the first order wavefront. Here the effective focal 
length = 78 mm and NA = 0.1. The band interval = A/2. 
Fig 9b shows the second order wavefront. Here the effective focal 
length = 39 mm and the area corresponding to NA 
calculated value of l:l W = 1.2 ). (double pass). 
Fig 9c shows the third order wavefront. 
length = 26 mm and the area corresponding to NA 
calculated value of l:l W = 0.9 A (double pass). 
= 0.1 is circled. The 
The effective focal 
= 0.1 is Circled. The 
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a) First diffracted order 
b) Second diffracted order c) Third diffracted order 
Fig 9 Interferometer comparisons of a spherical reference wave front 
and the wavefronts diffracted in various orders by a zone plate. 
The zone plate is a resin replica of a photographic original, 
operating in double transmission and diffracting a wavefront 
from a source placed at the appropriate focal position. 
The collimated beam is then reflected from a plane mirror 
back to the zone plate, so as to produce a focus at the 
source position. A small amount of tilt has been introduced 
between the two wavefronts to clarify the spherical aberration. 
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2.8 Chapter summary 
The use of the zone plate as an optical component has been examined. 
Methods of fabricating zone plates by recording interference patterns 
have been described. The zone spacings for diffracting components that 
perform the functions of collimating lenses and mirrors, and for 
components that image at unit magnification have been defined. 
When the zone plate is used as a focussing beam divider, use is made of 
the wavefronts diffracted in more than one order of diffraction. 
Spherical aberration introduced by diffraction in orders higher than 
the first has been predicted and confirmed by experiment. 
Obviously, when using zone plates as components of an interferometer 
with which measurements comparable to the wavelength of light are made, 
the effects described above must be compensated or allowed for. 
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Appendix to Chapter 2 
Longitudinal aberration and wavefront spherical aberration 
The longitudinal aberration is the difference in position of the 
intersections with the axis made by the marginal and paraxial rays. 
This may be also expressed as the wavefront aberration AW, which is the 
optical path difference (OPD) between the spherically aberrated wave 
and a spherical reference wave centred at the paraxial focus. 
In fig 10 the longitudinal aberration I:.. f is assumed to be much less 
than CS the radius of curvature of a spherical wave front centred at the 
paraxial focus. PS' is a marginal ray, diffracted by the zone plate to 
contribute to the aberrated wavefront and PSC = oc. "" PS'C. RS is 
perpendicular to PS'. Let PR';::: PS = CS. The OPD between the aberrated 
and reference wavefronts, in a medium of refractive index n, is 
OPD = n(CS' - PS') = n(SS' - RS') 
= n I:..f(l - cosot) = 2n I:..fsin2 ~ 
Since QC. "" sin()/. and taking n = 1, the wavefront aberration is 
[2.9] 
Spherical aberration at higher orders of diffraction 
An examination of the focal positions of the light diffracted into 
these orders by different annular areas of the zone plate shows that 
spherical aberration is introduced as follows. 
Zone plates of type i) 
Referring to fig lla, for a focus to occur at a distance· f from the 
element when illuminated with a plane wavefront we require that 
F = f + n A where F is the optical path followed by the ray from the 
zone described by the integer n. 
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Fig 10 Wavefront spherical aberration related to longitudinal 
aberration 
a) f 
s 
b) 
Fig 11 Change of focus position with order of diffraction 
a) using one infinite conjugate. 
b) using two equal conjugates. The source is moved to maintain 
equal conjugates using the new order of diffraction. 
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By Pythagoras, F2 = f2 + rn 2 • Since 
we have r 2 
n = 
2fnA + n2)...2 
2 
f 
rn n).. 
or = 2nA - T (2.10] 
At any other distance g along the axis from the zone plate the 
difference in optical path between the axial ray and that from the n th 
zone is (G - g) = m).. where m is not necessarily an integer. Thus 
(2.11] 
Equating (2.10] and (2.11], and rearranging for g gives 
Now for constructive interference to occur,the higher orders are 
defined by m = kn, where k is another integer ie the order number, and 
(2.12] 
The first order is defined when k = 1 and then g = f for all n. 
The second order is defined when k = 2. Then for the first zone, n = 1 
and 
The longi tudinal spherical aberration Il f is the difference in focal 
position between the zones defined by n = 1 and n = N. 
For the first order, C::.f = g1 
- gN = 0 
For the second order, 6f = g1 
- gN 3NA = q-
For the k th order, C::..f _)..(N - 1) [k - ~ 1 - 2 (2.13] 
Substituting in (2.13] we have 
(2.14] 
- 35 -
The NA subtended by the wave front diffracted in the k th order is given 
by Cl. = ¥ and the wavefront aberration is 
[2.15] 
However if the radius of the aperture is restricted, so that the k th 
order wavefront subtends the same NA as the first order wave front , then 
[2.16] 
and 
L\W= [2.17] 
Zone plates of type ii) 
Referring to fig llb, a similar examination of a zone plate operating 
at two equal conjugates 1 and -1 requires optical path differences such 
that L = 1 + ~ • 
By Pythagoras, and since 
we have 
2 2)..2 
rn = ln).. + %-- or 1 
2 
rn nA 
= li"X"" - "If"" [2.18] 
At any other distance g along the axis from the element, the difference 
in optical path between the axial ray and that from the n th zone for 
the round trip from source to focus, is 2(G -' g) = m).. where m is not 
necessarily an integer. The source has been moved to maintain equal 
conjugates. Thus 
[2.19] 
Equating [2.18] and [2.19] and rearranging for g, gives 
~] [2.20] 
For constructive interference to occur the orders are defined by m = kn 
where k is another integer, ie the order number. Then 
- 36 -
This has the value of unity for all n in the first order ie when k = 1. 
The second order is defined when k = 2. For the first zone n = 1 and 
g _ 1 3n>' ~ 1 -~--g--~ 
The value of g is thus half the equal conjugate distance 1. 
The longitudinal spherical aberration 6. f is the difference in focal 
posi tion between the zones defined by n = 1 and n = N for the round 
trip from the source to the image. For the second order of diffraction 
For the k th diffracted order the difference in focal position between 
rays from zones n = 1 and n = N is 
6f=A(N-1l 
2 
Substi tuting A( N - 1 l ~ AN 
2 
rn 
= -1- we have 
and the corresponding wavefront aberration is 
where 
[2.21] 
[2.22] 
[2.23] 
If the numerical aperture is restr icted to that subtended by the first 
order wave front then ex. = h. and 
[2.24] 
The wave front aberration in the k th order of diffraction is 
[2.25] 
- 37 -
Chapter 3 
INTERFEROMETRY AND THREE-DIMENSIONAL POSITION LOCATION 
Interferometers make visible in the form of light and dark bands, the 
phase differences that exist between two coherent optical wavefronts. 
Very fine measurements can thus be made to the same order as the 
wavelength of light. The wavelength of red radiation from the standard 
helium-neon laser is usually known to 2 parts in 106• Stabilized 
helium-neon lasers have a wavelength uncertainty of 1 part in 107 • 
Interferometers are used for testing the quality of optical components 
and have for long been used to measure length and position. In testing 
a spherical mirror, it is usual to begin by positioning the centre of 
curvature of the test surface to coincide with the centre of curvature 
of the test wavefront. Any displacement from this condition gives rise 
to a pattern of interference bands, the shape and spacing of which 
indicate the direction and magnitude of the displacement. The 
interferometer is thus capable of locating the position defined by the 
centre of curvature of the mirror. 
Several interferometers were considered for the purpose of checking the 
positioning performance of measuring machines. A line of continuity if 
not of direct development, can be traced through a range of common-path 
designs including the scatter plate interferometer due to Burch, 
Dyson's polarizing interferometer and the zone plate interferometer. 
3.1 Common-path interferometers 
By careful design, interferometers can be made most sensitive to the 
parameter under observation and least sensitive to environmental noise. 
In systems where the spacing of the components is relatively large ie 
of the order of a metre or more, the noise can be" due to fluctuating 
air density arising from temperature and pressure changes. Here, a most 
useful system is the common-path type where both beams follow similar 
paths and so are similarly affected by the atmospheric disturbances. 
The beams can be designed to be each affected differently by for 
example, a change in position of a particular optical component. 
An early common-path system was the wavefront shearing interferometer 
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due to Bates (1). The input wavefront was amplitude divided into two 
identical wavefronts which were then recombined at a partially 
reflecting mirror. This mirror· could be aligned so as to produce a 
relative shear of the recombined wavefronts and hence a system of 
interference fringes between the overlapped portions. Bates' 
interferometer was used to examine the sphericity of the wavefront 
reflected from large astronomical mirrors, although some degree of 
skill was required to interpret the fringe patterns. 
An interferometer that retains the advantages of the common-path 
arrangement, but gives an interference pattern. that is more readily 
interpreted is Burch's scatter plate interferometer (2). The system is 
shown in fig 1 testing the quality of the wavefront returned from a 
concave mirror with its centre of curvature at C. SP1 and SP2 are two 
screens called scatter plates which scatter slightly but also transmit 
a fraction of the illumination without deviation. These may be formed 
as plastic replicas from a lightly ground glass surface. 
Light from a small source S is focussed by a lens to form a small image 
at S'. This is called the reference beam. Some of the light, however, 
is scattered by SP 1 to fill the whole aperture of M. This is the test 
beam. Both. beams are returned by M to form coincident images at C. A 
cube beam divider is used to extract the return beams and form an image 
of SP 1 at SP2 with point to point coincidence. 
Some of the reference beam is scattered by SP 2 and some of the test 
beam passes straight through. An observer looking though SP 2 sees M 
filled with the light of the test beam and, superimposed, a large patch 
of light from the reference beam which has been scattered in SP2 . These 
two beams are coherent where they overlap, that is over the surface of 
M, and interference fringes can be seen in this region. The reference 
beam touches M only at the small spot S' and so is not affected by the 
errors of M except over this small area. The test beam however fills· 
the entire aperture and picks up all the errors. 
If the mirror M introduces no errors in the test beam, the interference 
pattern seen at M is "fluffed out". For a small translation of M in a 
plane normal to the axis, the two wavefronts at SP 2 are tilted with 
respect to one another, and a pattern of straight bands is seen. The 
direction and spacing of the bands correspond to the direction and 
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magnitude of the displacement of M. A small axial shift of M causes a 
pattern of concentric rings to be formed. The scatter plate 
interferometer can thus be used to locate a position defined in 
three~dimensions by the mirror. 
A disadvantage of this form of scatter plate interferometer is the 
relative brightness of the reference beam which appears in the centre 
of the field, and the lack of control over the scatter distribution 
which may not fill the aperture of the system uniformly. Dyson overcame 
this by using a double-focus triplet lens to produce a reference beam 
which is focussed to a spot on the mirror under test, and a tes t beam 
which expands to fill the mirror, fig 2. After reflection at the mirror 
the two beams are recombined by the triplet and form an interference 
pattern as before. Because of the control over the direction of the 
illumination and the ratio of intensities of the two beams, the 
brightness of the small image S' is very much more acceptable (3). 
3.2 Interferometers utilizing holographically formed components 
A very useful step followed experience gained in recording holograms of 
diffuse objects. Using laser illumination, holographically formed 
scatter plates were fabricated in which a degree of control over the 
intensity distribution of the scattered light was demonstrated. 
Moreover, the second scatter plate SP 2 could be formed .in situ as an 
exact record of the phase distribution in that plane. This meant that 
much more effiCient interferometers could be built, and a degree of 
optical aberration correction built in. 
By unfolding the scatter plate system about the reflecting test 
surface, disturbances in three-dimensional refractive index 
distributions could be examined. Because the second scatter plate was a 
copy of the incident phase distribution, a uniform or "fluffed out" 
field could be obtained. If the original distribution was that 
resulting from the presence of a transmitting object, any optical path 
changes brought about by that object would then become visible as a 
pattern of interference bands (4,5). 
The scatter plate system was also sensitive to a displacement of one of 
its components. For example, when replacing the second scatter plate 
SP 2 in the original undisturbed system, its position could be monitored 
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by observing the shape and direction. of the interference fringes 
produced by misalignment. 
straight parallel fringes 
A small in plane 
and a displacement 
displacement produced 
normal to the plane 
produced concentric ring fringes. Displacement of one of the imaging 
components of the system also produced similar fringes, as the incident 
distribution would be moved relative to the scatter plate. 
Similar patterns, indicating the displacement of a point on a diffusely 
reflecting non-planar surface, can be made visible using a double 
exposure holographic technique. This and other techniques for the 
measurement of position and displacement are described by Gates (6). 
Laser speckle techniques are also used to measure in-plane motion of 
rigid bodies, and holographic optical components have been used in 
speckle interferometers (7). Interferometers utilizing holographic ally 
formed components can also be used to test aspheric surfaces (8). 
3.3 Interferometers incorporating zone plates 
The scatter plate makes a useful beam divider when studying extended 
objects that require diffuse illumination. For simple interferometry of 
optical surfaces it is often better to use the zone plate as a beam 
divider. This could be thought of as a diffracting version of the 
double focus lens due to Dyson. Murty incorporated zone plates in an 
interferometer for testing the form of optical surfaces and for 
measuring refractive index distributions (9). 
Smartt describes the various forms of a zone plate interferometer for 
testing spherical optical surfaces (10). The reference and test 
wavefronts are generated and combined using one zone plate in various 
orders of diffraction. One configuration is shown in fig 3. The centre 
of curvature C of the test mirror M coincides with the centre of the 
zone plate. The interference pattern is observed via a semi-reflecting 
surface and isolated from other patterns using an aperture, typically 
of diameter 0.5 mm, and placed at the focus of the wavefronts. In most 
configurations, a good quality zone plate and semi-reflector is 
required. 
Diffracting optical components have the advantage that they can be made 
as a surface relief carried on a lightweight plane substrate. This 
means that the original components can be easily and cheaply replicated 
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by embossing or casting. Gates proposed that a three-dimensional array 
of positions could be defined by a two-dimensional array of zone plates 
of various focal lengths. Each zone plate acts in the first order of 
diffraction to behave as a concave mirror defining a unique position at 
its centre of curvature. 
The position location interferometer proposed by Gates used zone plates 
to divide, focus and recombine the interferometer beams by the 
diffraction process, fig 4. The zone plates performing the first two 
functions were to be produced in a separate process. The final beam 
combiner was to be produced in the position interferometer as a 
holographic component, enabling a near perfect copy of the· incident 
illumination to be produced. This meant that if all the components were 
correctly aligned, a uniform "fluffed out" pattern could be produced, 
even in the presence of imaging aberrations in the system. 
When a defined position is located, the centre of curvature is 
positioned in the optical plane containing the beam dividing and beam 
combining zone plates. Various properties of the system are dependent 
on the distance to the position defining zone plate and it was 
discovered that such a system was not entirely practical for checking 
the positioning performance of three-axis measuring machines. A better 
optical arrangement was therefore sought. 
3.4 The author's interferometer for locating multiple positions 
A zone plate interferometer has been developed by the author which 
utilizes two orders of diffraction at the position defining zone plate, 
ZP2' This provides a position sensitive wave front and a constant 
geometry reference wavefront. The result is a system with a sensitivity 
to displacement that is independent of the distance between anyone 
zone plate and the distance that it defines. 
The constant geometry system is shown in fig 5. The optical probe again 
uses zone plates as the beam di vider ZP 1 and beam combiner ZP 3 • The 
position location wavefront, derived from a point source, can be traced 
undeviated in the zero order of diffraction at ZP l' and reflected by 
ZP2 acting in the first order of diffraction as a concave mirror as in 
fig 5a. The r~ference wavefront is collimated by ZP 1 acting in the 
first order as a lens, and is then reflected in the zero order at ZP2 
Fig 5 
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Showing the simultaneous actions occurring in Stevens' interferometer. 
Zone plates ZP 1 and ZP3 act on the reference wavefront as a collimating 
lens Cb), using the first order of diffraction. ZP 2 acts in the first 
order as a spherical mirror Ca) reflecting the position wave front . In 
the zero order ZP 2 acts on the reference wavefront as a plane mirror 
Cb). The reference wavefront 1s insensitive to axial or transverse 
displacements of ZP 2 . 
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acting as a plane mirror as in fig 5b. In fig 5c a conventional beam 
divider is used to separate the input and output illumination, enabling 
observation of the interference pattern. 
In fig 6, a transverse displacementAx orAy of ZP2 causes the focus of 
the position location wavefront to move transversely by twice that 
amount. The reference wave front is undisturbed and the resultant 
interference pattern is one of straight bands. An axial displacement A z 
of ZP2 also causes the focus of the position location wavefront to move 
by twice that amount. The resultant pattern is one of concentric rings, 
centred on the interferometer axis. A combination of displacements 
results in a pattern· of rings centred away from the interferometer 
axis. 
The illuminating source is located at the centre of curvature of the 
equivalent concave mirror at ZP2 , and at .the focal position of the 
equivalent collimating lens at ZP,. This means that positions defined 
by zone plates of different focal lengths can be located while 
maintaining the same geometry at the optical probe. 
3.5 Unequal-path interferometers for sphericity measurement 
Two unequal path interferometers devised by Gates are relevant to the 
problem of position location in three-dimensions. They are both 
essentially Fizeau type interferometers but the reference and. test 
wavefronts are spherical. The optical paths in the test and reference 
beams are common as far as the beam dividing surface where a reference 
wave is generated by partial reflection. The test wave then continues 
to the spherical surface or zone plate under test where it is reflected 
to be recombined with the reference wavefront. 
The sphericity interferometer shown in fig 7 is used to test spheres 
with diameters up to 26.5 mm, limited by the diameter of the reference 
sphere (11). Light from a small source is focussed by an optical system 
which has been designed to introduce minimal spherical aberration. 
Chromatic aberration is avoided by using monochromatic illumination. A 
spherical wavefront converges to illuminate, at normal incidence, the 
surface of a test sphere and a proportion of the wavefront is reflected 
by the hemispherical reference surface. The optical path differences 
between the reflected test and reference wavefronts are determined by 
Multiple 
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the overall difference in radii between the test and reference surfaces 
and local departures from sphericity. The partially coherent light from 
a mercury light source is sufficient to make the local path differences 
visible as an interference pattern. 
If the test sphere is centred on the test wavefront a uniform field 
appears. Transverse or axial shifts of the sphere then introduce 
corresponding straight or circular fringe patterns. This interferometer 
was used in early trials to test the feasibility of setting in 
three-dimensions on a point defined by a spherical optical surface. 
In fig 8, an unequal path interferometer is shown for testing concave 
optical surfaces. A reference wavefront is generated by partial 
reflection at a spherical surface. The interferometer can be 
conveniently fabricated by coating the spherical surface of a 
pIano-convex lens with a reflecting film and cementing the. plane 
surface to a cube beam-divider. The system can be made aplanatic by 
cementing spherical surfaces of the appropriate radius to the remaining 
entrance and exit surfaces of the cube. It is important that spherical 
aberration is minimized otherwise some of the rays would not be normal 
to the test surface, giving errors proportional to the air gap and to 
the square of the obliquity. 
This interferometer was built and used for trials in locating positions 
defined by an array of zone plates. The large differences of optical 
path between the test and reference wavefronts were accomodated by 
using a light source of high coherence ie a wavelength-stabilized 
helium-neon laser. The sensitivity to displacement was high as only the 
test wavefront was affected by the position of the test surface. For 
example, an axial displacement of one half wavelength ie O.32)l1D, 
produced a phase change of 2n in the interference pattern. Apart from 
the need to use a wavelength stabilized laser, the main disadvantage of 
this design is the susceptabUity to atmospheric disturbances, which 
have a much greater effect on one beam than on the other. 
3.6 Moire techniques for displacement measurement 
In this thesis, the zone plate interferometer is used to check 
positions indicated by the scale readings of the measuring machine 
under test. These scales mostly use moire gratings to measure 
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displacements. In a later chapter, the interference patterns are 
related to displacement of the zone plates. One analysis treats the 
patterns as a moire effect. For these reasons, an introduction to moire 
techniques is supplied here. 
Moire patterns are produced when figures with periodic rulings are made 
to overlap, and can be seen in various aspects of daily life as well as 
technical applications (12). Lord Rayleigh first explained how moire 
patterns, produced by the superposition of two families of equispaced 
parallel straight lines, could· be used to test the performance of ruled 
diffraction gratings (13). 
Moire techniques are widely used in optical metrology and enable fine 
measurements to be made (14). They have the effect of magnifying a 
small displacement to make it more readily visible. The moire pattern 
may be formed by superposing two grids, or by superposing one grid and 
the image of another grid. 
If the grids are so called fine gratings, where the grating pitch is 
comparable with the wavelength of light, then diffraction effects 
predominate. The grating forms an image of itself at the intersections 
of the routes followed by the diffracted wavefronts. Use of this image 
enables the two grids to be separated by, for example, 20 jlIII, to avoid 
damage by contact. Guild describes moire processes that can occur with 
the interaction of diffracted wavefronts (15). 
Pettigrew described a three-grating system for the measurement of 
displacement. In many ways this is similar to the three zone plate 
interferometer, the subject of this thesis. The third grating is used 
to "image" the first grating on the second. If the imaging grating 
works in reflection, the first grating can be imaged on itself to form 
the moire pattern. The conditions under which geometrical imaging 
applies and when the imaging properties are determined by diffraction 
are differentiated (16). 
Moire fringe systems for the measurement of linear displacement are 
widely used in engineering, both on measuring machines and on 
numerically controlled machines. The measurement scale is independent 
of the machine drive, so the effects of backlash, wear and distortion 
are reduced. The moire fringes produced by the displacement can be 
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counted with a photocell, providing digital information for easy 
processing. Moire scales on three-coordinate measuring machines give 
displacement readings to better than 1 ~, but it is not always certain 
that the machine probe is at the position indicated by the scales. That 
is the reason for this research into the location of points defined in 
three-dimensions by an optical space frame. 
3.7 Chapter summary 
Common-path interferometers can be designed to be sensitive to the 
relative displacement in three dimensions of one optical component, 
while retaining reduced sensitive to environmental noise. 
Zone plates have advantages when used as interferometer components, 
including precise control over the illumination. Holographically formed 
zone plates have the additional advantage that residual wavefront 
aberrations may be corrected in situ. 
The position sensitive interferometer proposed by Gates uses zone 
plates to divide, focus, recombine and correct aberration of the 
optical wavefronts. The centres of the beam dividing and combining zone 
-plates coincide with the effective centre of curvature of the position 
defining zone plate. An array of positions is readily defined by an 
array of zone plates, formed from a minimum number of masters. 
The zone plate interferometer proposed by the author utilizes two 
orders of diffraction at the position defining zone plate, to provide a 
constant geometry reference wavefront. The effective centre of 
curvature of the position defining zone plate coincides with the real 
or virtual images of the source produced by the beam dividing and 
combining zone plates. 
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Chapter 4 
A ZONE PLATE INTERFEROMETER FOR DEFINING AND LOCATING POSITION 
Chapter 1 described measuring machines that are used in engineering 
metrology. These machines derive dimensions from the measurement in 
cartesian coordinates of the positions in space of points on a 
test-piece. Calibration or verification of the linear scales 
incorporated in the machines are often lengthy and arduous processes 
confined to one coordinate at a time, and there is a need for a better 
method of accurate and rapid verification of the many points in the 
working volume. One solution proposed by Gates, is to use an optical 
artefact that defines a three-dimensional array of positions in space. 
The po si tions are located by an optical probe attached to the measuring 
machine, completing an interferometer configuration. The artefact can 
then be used to compare the scale readings of various machines. 
This chapter examines the zone plate interferometer, as proposed by 
Ga tes for defining and locating positions in three dimensions. 
Expressions are derived for the rate of change of optical path 
difference with relative displacement of the probe and position 
defining component. The manner in which the sensitivity to displacement 
varies with wavefront geometry is explored, in general and for specific 
examples of wavefront configurations. The suitability of the system for 
readily locating an array of positions in three-dimensions is 
discussed. 
4.1 Gates' zone plate interferometer 
The device c.onsists of two parts, shown in fig 1. One is a passive 
array of reflective optical surfaces, formed on a slab-shaped support. 
This defines a three-dimensional array of positions in the space above 
the slab and is referred to as the optical "space frame". The 
reflective optical surfaces may be Simply concave spherical mirrors of 
different radii of curvature, or they may be the diffracting equivalent 
of mirrors ie reflecting zone plates. If the zones take the form of a 
surface relief variation, a large number of zone plates may be 
replicated by casting from a minimum number of master surfaces. 
Zone 
plates 
r--
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Fig 1 Gates' zone plate interferometer for defining and 
locating multiple positions in three dimensions 
The other part is a sensing probe, used to locate the defined 
positions. In the systems described in this thesis, the sensing probe 
forms wi th the reflective array, a po si tion sensitive interferometer. 
other systems exist in which the sensing probe locates the image of a 
point source, measuring the position and intensity distribution of the 
. image (1). 
The interferometer is of the common-path type. The sensitivity with 
which the optically-defined positions can be located arises from the 
differential changes in curvature that occur between the wavefronts 
that are reflected by the position-defining zone plate or mirror. These 
wave fronts are reflected back to the probe, whe.re they recombine to 
form an interference pattern. The shape and spacing of the bands in the 
pattern indicate the direction and magnitude of the displacement of the 
probe from the position defined by the reflective zone plate. The 
position is said to be located when the interference pattern is 
"fluffed out". 
The displacement sensitivity is thus determined by the rate of change 
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in the difference of curvature between the two reflected wavefronts. 
This rate of change can be predicted by calculating the- transverse and 
axial magnifications at each optical component in the interferometer. 
The ease of detecting any change depends on the wavelength of the 
radiation and the numerical aperture of the wavefronts forming the 
position-indicating pattern. 
4.2 The functions of the zone plates 
In fig 2 two variations of Gates' interferometer are shown for the 
location of positions defined by optical means. In each case, three 
diffracting optical components act as follows. 
,The first component'is a zone plate, ZP, which acts as a beam divider. 
This is illuminated with a single monochromatic wave front to produce 
two mutually coherent wavefronts of differing radii of curvature, in 
two orders of diffraction. In practice, wave fronts arise in other 
orders of diffraction as well. 
The second component ZP 2 is an imaging component such as a lens, 
spherical mirror or zone plate, which is considered to operate mainly 
in one order of diffraction. ZP2 is positioned so as to image pOints in 
the plane of ZP, to corresponding pOints in an equidistant plane 
containing ZP 3' the third optical component. If f is the focal length 
of ZP 2' then ZP, and ZP 3 are distant 2f from ZP2 . The two wave fronts 
from ZP, are focussed by ZP2 and reflected to ZP 3 . 
ZP 3 is another zone plate which acts as a beam combiner, altering by 
diffraction the form of one incident wave front to match the form of the 
other wavefront from ZP2• This allows the two wavefronts to be 
superposed, producing a simple inter'ference pattern that defines the 
relative positions of the optical components. Other wavefronts are 
produced by the various combinations of orders at all three zone 
plates. The requisite pair are isolated by focussing to a small 
aperture, typically 0.5 mm in diameter; 
A convenient method of making ZP3 is to form it in-situ as a 
holographic copy of the fine interference patterns which result from 
the differences of curvature between the two wavefronts. These patterns 
exist in three dimensions, and a section through them can be recorded 
a) 
b) 
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on a photosensitive surface placed in the plane of ZPr The concentric 
ring pattern thus recorded is then processed to form a zone plate in 
the form of an amplitude hologram or a more efficient phase hologram. 
The recording is carefully replaced in its original position and some 
of the illumination in each incident wave front is diffracted to produce 
a wavefront that matches the directly transmitted portion of the other 
wavefront. 
A live interference pattern is then formed, the shape of which is 
determined by the relative pOSitions of the optical components. The 
pattern will "fluff out" to a uniformly illuminated field when all the 
components are in their original positions, even though the incident 
wavefronts may not be truly spherical. This can be defined as the null 
position. If the holographic zone plate ZP3 is formed as a negative 
recording of the incident ring pattern, as is the case with the 
negative photographic process, the null pattern will be uniformly dark. 
The relative po si tions of the illuminating source, ZP, and. ZP 3 are 
fixed to form the optical probe, and an array of ZP2 components is used 
to define an array of positions in space. If ZP 2 is then displaced 
relative to the probe, an optical path difference is introduced and a 
different interference pattern formed. 
If ZP2 is a transmissive component, the probe may be in the form of a 
caliper, with ZP, and ZP3 on either side of ZP2 as in fig 2a. This 
configuration is sometimes more convenient for defining a 
two-dimensional array of positions. If a three-dimensional array of 
positions is to be defined, a two-dimensional array of reflective ZP2 
components of differing optical powers is used as in fig 2b. ZP, and 
ZP3 are then on the same side of ZP2 and can be physically separated 
from one another using a semi-reflecting surface. 
If the reflective components are spherical mirrors, then the defined 
positions lie at the centres of curvature of the mirrors. Positions at 
different distances from the array are defined using mirrors of 
differing radii of c urva ture. The ratio of useful mirror aperture 
radius to radius of curvature, defining the numerical aperture (NA), is 
generally designed to be constant. This maintains similar cone angles 
of illumination throughout the array. 
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If the reflective components are zone plates, then the defined 
positions lie at the centre of curvature of the equivalent spherical 
mirror. This is the point at which a small light source can be placed 
such that an image is formed on itself. The distance from the source to 
the zone plate is then 2f where f is the focal length. As f depends on 
the illumination wavelength, a monochromatic source must be used. 
Some of the optical parameters were dictated by the constraints of the 
measuring machine application. The prototype zone plate array was 
required to define positions in planes at nominal distances of 75, 150 
and 225 mm from the array. This led to values of f of 37.5, 75, and 
112.5 mm. 
The target accuracy with which these points were to be located was 
! 1 ~m in the transverse directions. The same target held for the axial 
direction, although it was realised that this would be less easily 
obtained. When using zone plates to define positions, this means the 
illumination wavelength needs to be maintained to the same tolerances 
as required in the focal length values ie approximately 1 part in 105 . 
In a practical version of the interferometer, the light source would 
need to be portable, durable and of low cost. An optimum choice of 
source of monochromatic illumination was the standard helium-neon laser 
with an emission wavelength of 0.6328 ~m. 
In choosing the numerical aperture that a zone plate would subtend at a 
defined position, consideration was given to the need for consistent 
optical performance between zone plates of different focal lengths. 
Several zone plates could be replicated from one master, retaining the 
original optical performance. Any residual aberration in the wavefronts 
reflected to the probe would be corrected by the wavefront matching 
action of ZP3' This would ensure a uniformly illuminated field existed 
at the null setting. However, zone plates of different optical powers 
would have to be replicated from different masters. 
It is easier to prod uce zone plates of consistently good optical 
performance if the numerical aperture is kept relatively low. However, 
it will be shown later that the sensitivity of the system to axial 
displacement increases in proportion to the square of the numerical 
aperture. As a practical compromise an NA of 0.1 was chosen, leading to 
zone plates of diameters 15,30 and 45 mm. 
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4.3 Geometrical optics and displacement sensitivity 
This section describes the imaging actions of the three zone plate 
components of the interferometer. The optical magnifications are 
calculated at each stage and expressions derived for the relative 
displacement of the output spots w1 th displacement of the position 
defining component. The output wavefronts that combine to form the 
·position-indicating interference patterns emanate from these spots. 
The optical system is shown in fig 3. In the case of a reflective ZP2' 
the system is considered to be unfolded at the plane of reflection at 
ZP 2' for clarity. The upper figure shows the illumination incident at 
ZP 2. The lower figure shows the illumination leaving ZP 2. The two 
wavefronts produced by the beam-dividing action of ZP 1 are considered 
to derive from mutually coherent sources at S1 and S2' fig 3a. 
These sources are imaged by ZP 2 at S3 and S4 respectively, fig 3b. The 
third optical component ZP3 is formed holographic ally using the 
wavefronts associated with S3 and S4. The action of ZP3 is to image S3 
to S5. S5 is superposed on S4 at the null setting position. The 
conjugates of the sources "S" are described by "s" with the appropriate 
suffix, and are measured to the focal planes. 
The numerical aperture of the output wavefronts can be related to the 
focal length and aperture of ZP 2 and to the conjugates of the sources 
of the input wavefronts that are derived from ZP 1. These sources. are in 
fact themselves images of the point source used to illuminate ZP 1. 
Expressions can then be derived for the optical path difference at the 
edge of the exit wavefronts and hence the number of bands appearing in· 
the interference pattern can be found for a relative displacement of 
the ZP l' ZP3 combination with respect to ZP2 • 
4.3.1 Sign convention and lens equations 
The sign convention adopted uses a coordinate system located at the 
pole of the optical surface. being considered. Centre to right distances 
are positive, centre to left distances are negative. A diffracting 
surface is considered as the equivalent spherical refracting surface. 
With centre to the right it has positive curvature, and with centre to 
left, negative curvature. Use is made of the following formulae. 
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Fig 3 The geometrical optics of the zone plate interferometer. 
The upper diagram shows the illumination incident at ZP 2. 
The lower diagram shows the paths of the rays leaving ZP 2. 
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The lens conjugate equation, 
1 1 
I' = I + k 
where 1 = object conjugate, 1'= image conjugate, k = lens power 
The mirror conjugate equation, 
1 1 
T' = - T + 2c 
where c = the curvature of the mirror. 
Newton's conjugate equation, 
ss' = ff' 
where s = the object conjugate measured from the focal plane 
f = the focal length in the obj ect space 
s' = the image conjugate measured from the focal plane 
f' = the focal length in the image space 
In the following analysis, the object conjugates are s1 and s2. The 
image conjugates are s3 and s4. 
The transverse magnification Mt , derived from Newton's equation is 
- f s' Mt = --s = - fT 
The axial magnification 
equation is 
ds' 
= Ma = - ff' as- s2 
= -
(M )2 
t 
as for 
M 
a' derived by differentiating 
reflection by a mirror 
= 
(M )2 
t as for transmission by a lens 
Newton's· 
In the following analysis the magnifications are suffixed by the number 
of the zone plate responsible for the magnification. 
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4.3.2 Optical magnifications at each zone plate 
By examining the optical magnifications introduced by each zone plate, 
we can deduce the relative movement of the pOints S4 and S5' due to a 
movement of ZP2 with respect to the rest of the system. 
Compounding the effects of the transverse magnifications M" M2 and M3 
at zone plates ZP" ZP 2 and ZP3 respectively, for a transverse movement 
Ax of ZP2 , the relative displacement of S5 and S4 is 
Ax { ( , 
- M, )(M3) - ( , - M2)} = t. x M4 
where M, -f -f 
s, (f-s2) 
= M -- M3 = s2(f-s, ) s, 2 - s2 
Compounding the effects of the longitudinal magnifications, and for ZP 2 
working in reflection, we find that for an axial displacement A z of 
ZP 2' the axial separation of S5 and S4 is 
Az (, + M, 2) (M3) 
2 
- (, + M 2) 2 = Az M5 
Hence M4 
(f+s, )(f-s2 ) - (f+s2 )(f-s,) 
= 
s2(f-s,) 
[4.1] 
222 
_( s22.f 2)(f_S,)2 
M5 
(f-s2) (s, +f ) 
= 
s 2(f_s )2 2 , 
and [4.2] 
Of course, these expressions only hold for relatively small 
displacements where the values of s, and s2 are not appreciably 
modified by the displacement. 
4.3.3 Numerical aperture of the output wavefronts 
The numerical aperture (NA) of the wavefronts, that produce an 
interference pattern after being combined at ZP 3' is determined by the 
radius I' of the illuminated patch at ZP 2 and the distance (s4 + f) from 
ZP 2 to the wavefront focus S4. Stric tly speaking, the NA is defined as 
NA = n sin oc. 
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where n is the refractive index of the surrounding medium, and oc. is 
the semiangle subtended by the wave front at its centre of curvature. 
The square of the NA is a measure of the light gathering power of an 
optical system. In air n '" 1 and for small values of 0(. eg 6L <>< 0.1, the 
numerical aperture can be defined as 
In the optical system described here, the area of illumination at ZP 1 
is adjusted such that the aperture at ZP 2 is just filled. From the 
geometry of the figure, it can be seen that the wave front from S1 fills 
ZP2 if s1s2 < f2 and that from S2 fills ZP 2 if s1s2 > ~. 
If ZP 2 is operating at equal conjugates eg in reflection an image is 
superposed on its source, the semi-angle subtended by ZP 2 at ZP3 is 
r 
= 2f 
The wave fronts combined by ZP 3 subtend an NA at their focus position 
given by, 
2 for s1s2 < f and S1 filling ZP2 , [4.3] 
0(. = 2(3 [4.4] 
4.3.4 . Examples of magnification variations 
The sign of the magnification indicates the direction of displacement 
of ·the image due to a displacement of the imaging component. 
Fig 4 shows the variation of magnifications M1 to M5 and numerical 
aperture of wavefronts leaving ZP 3' plotted against focal length of 
ZP 2. The sources S1 and S2 are fixed relative to ZP 1 such that 
(f - s1) = - 75 mm and (f - s2) = 37.5 mm. M4 and M5 tend to infinity 
when s2 = 0 and f = 37.5 mm. However the NA is zero at this point. 
In fig 5, the individual magnifications and corresponding values of NA· 
are plotted against s2. Two values for s1 are chosen i.e. s1 = 100 mm 
and 250 mm, where f = 75 mm. 
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Optical magnifications (M) and rlUmerical aperture (NA = 0<.) at ZP 3 
plotted against focal length (f) of ZP 2' Sources S1 and S2 are fixed 
relative to ZP 1 such that (f - s1) = - 75 mm and (f - S2) = 37.5 mm. 
The wavefront from S2 is collimated by ZP2 when f = 37.5 mm. 
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Fig 5 The. variation of optical magnifications (M) and nwnerical 
aperture (NA =0<) at ZP3 with conjugate s2' 
f = 75 mm, s, = '00 mm (curves a), s, = 250 mm (curves b) 
300 
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4.3.5 The overall sensitivity to displacement 
The 
may 
the 
sensitivity of the system to a transverse displacement ll.x of ZP2 
be defined as ~~ where l\W is the path "difference introduced at 
edge of the field. The axial sensitivity is similarly defined as 
AW The relative movements of the centres of curvature of the A z· 
wavefronts have been derived in terms of M4 and Ms and the displacement 
of ZP 2. 
In fig 6a, a transverse displacement Ax of ZP 2 introduces a relative 
transverse displacement M4 Ax to S4 and S5. This is equivalent to a 
tilt e between the output wavefronts, where 
ll.w 
= e = M Ax a 4 b 
ll.W a 
M4 at Ax = M4 b = 
Substituting the expressions in [4.3] and [4.4] for the NA, ,we have 
for f2 6W 
M42 ", s2(s2-f ) 
[4.5] s,s2 < AX = (f+s,)(f-s2 ) 
for 2 AW 
M42 ,6 s2 
[4.6] s,s2 > f ll.x = (f+s 2) 
In fig 6b an axial displacement to z of ZP2 introduces a relative 
displacement of M5 Lh to S4 and S5. This introduces a difference of 
curvature between the output wavefronts such that 
6w 
l\z = 
Again, substituting foro{, we have 
M52/s22(s2-n2 
= (f-S2)2 (f+s,)2 
Substituting for M4 and M5 from [4.1] and [4.2], we have 
[4.7] 
[4.8] 
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a 
a) 
< b > 
b) 
Fig 6 The relation between wavefront displacement and image positions 
tl.w 
tl. x = 
AW 
AZ = 
· - 68 -
4flf(s2- S, ) 
(f+S, )(f-s2 ) 
(f_s2)2(f2+S,2)_(f-S,)2(f2+S22) 21 --=-----'---....!.---=--
(f-S 2)2(f+S, )2 
[4.9] 
[4.'0] 
The ratio of the axial sensitivity to the transverse sensitivity, 
obtained by dividing the above two equations, is 
Az 
AX = 
2 (s,s2-f )(3 
(f+s, )(f-s2) 
Repeating the substitution we have, 
2 for s,s2 > f 
tl.w 
Ax = 
= 
4/H (s,-S2) 
(f-s,) (f+s2 ) 
(f_S2)2(f2+S/) - (f_S,)2(f2+s2
2 ) ¥2 __ ~ ____ ~____ ~ ____ ~
(f+s2)2(f-s,)2 
2 f3 (f -S,s2) 
(f-S,)(f+S2 ) 
4.4 Examples of displacement sensitivity variations 
[4.'1] 
[4.'2] 
[4.'3] 
[4.'4] 
The signs of the sensitivity values indicate the sense of the relative 
tilt and axial advance between the wavefronts from 54 and 55' 
For small values of s2' the illumination boundary at ZP2 and ZP3 is 
decided by the position of 5" and is constant as s2 is varied. For 
larger values of s2' the boundary is decided by the position of 52' The 
aperture at ZP, is adjusted to maintain the same boundary at ZP2 • As 52 
approaches ZP, the useful aperture size is thus reduced to zero. 
Fig 7 shows the variation of displacement sensitivity with focal length 
(r) of ZP2. Sources 5, and 52 are fixed relative to zone plate ZP, such 
that (f - S,) = - 75 mm and (f - s2) = 37.5 mm. Around f = '9 mm we 
find the axial sensitivity at a maximum. Here the source 52 is 
positioned on the surface of ZP2 • When f = 75 mm the axial sensitivity 
is reduced to zero while the magnitude of the transverse sensitivity is 
a maximum. Here the wavefronts fill ZP 2 by equal amounts. 
., 
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Fig 7 
The variation of sensitivity to axial (t. z) and transverse (t,x) 
displacements and their ratio (t:, z/ D. x) plotted against focal length of 
ZP2' Sources S1 and 
(I' - s 1) = - 75 mm and 
S2 are fixed relative to ZP1 such that 
(I' - s2) = 37.5 mm. The IoIavefronts fill ZP2 
equally when I' = 75 mm. S2 lies in the plane of ZP2 when f = 18.75 mm. 
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Fig 8 The variation of displacement sensitivity and aperture 
radius at ZP3 with conjugate s2' f = 75 mm, 
s, = '00 mm (curves a) and s, = 250 mm (curves b). 
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In fig 8, the sensitivity to transverse and axial displacements of ZP2 
is plotted as a function of s2' The relevant wavefronts arise from the 
zero and first orders of diffraction at ZP, as in fig 3. If s, is held 
constant, the focal length of ZP, must be varied to obtain different 
values of s2' This has no effect on the illumination boundary at ZP2 or 
ZP3 until s,s2 > f2. After that, the size of the aperture at ZP, is 
reduced to maintain the same aperture at ZP 2' Two values of s, are 
examined i.e. '00 mm and 250 mm. ZP2 subtends an NA of A.' at ZP, which 
is '50 IDID away, ie f.. = 0.', f = 75 mm. The radius of the aperture at 
ZP3 is shown in the lower curves. 
As can be seen from the curves, the sensitivity to displacement depends 
on both s, and s2' It is these parameters that change when different 
focal length zone plates ZP 2 are used. Where the curves cross, the 
sensitivity is shown to be constant for at least two values of s,. One 
such position arises where s2 = f, but the aperture size at ZP3 is zero 
and the system is not practical. The maximum values for the transverse 
sensitivity occur where the wavefronts from S, and S2 fill ZP2 by equal 
amounts ie s2 = 56.25 mm (curve a) and s2 = 22.5 mm (curve b) •. At these 
values, the axial sensitivity is zero. 
In fig 9, the sensitivity to transverse and axial displacements is 
plotted against s2 for three different values of focal length of ZP2 . 
These values relate to zone plates that define positions at distances 
of 75, '50 and 225 mm. S, is at infinity producing a collimated beam of 
constant diameter through the system. The corresponding radius of the 
aperture at ZP, and hence at ZP 3 is plotted in the lower curves. 
When s2 = 0, the two wavefronts are have equal diameters at ZP, and ZP2 
and there is no sensitivity to axial displacement. However, because one 
wavefront is inverted as it passes through the focus at S2' the 
wavefronts can tilt in opposite directions and the transverse 
displacement sensitivity is large. This design makes for a system 
required to be sensitive to displacement parallel to the plane of ZP2 , 
such as a two-dimensional scale. The effect is seen again in the 
wavefront configuration described in section 4.5.' and fig '2a. 
As s2 increases in fig 9, the axial sensi tivity increases to a maximum 
value when s2 = f. Here, the wavefront radial shear is at a maximum. 
The axial sensitivity remains constant and the transverse sensitivity 
c 
- 72 -
Horizontal axes = S2 (mm) 
0 100 200 
~----===~g ~c-0.1 (~~) -0.2 
-0.3 
-0.4 
0 200 
(~W)X103 
~z -5 
ZP3 
radius 
-10 
5r------r----~r-----~----~ 
(mm) 0 I----~,....-r---+--~_--___r--____J 
a 
b 
c 
-5L-----~---~~----~----~ 
100 200. 
Fig 9 Variation of displacement sensitivity and aperture radius 
at ZP3 with conjugate s2' s1 = infinity, 
f = 37.5 mm, 75 mm, 112.5 mm (curves a,b,c respectively) 
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varies when locating positions defined by ZP 2 components of different 
focal length. The configuration is impractical because the aperture 
size at ZP, and hence at ZP 3 is zero. 
Fig '0 shows configurations that utilize wavefronts produced in the two 
first orders of diffraction at ZP,. In fig 10a the illumination at ZP 1 
is from a source at infinity. The wave front that fills ZP2 is that from 
S,. The positions of S, and S2 are related to the focal length fz of 
ZP, and the focal length f of ZP 2 such that 
s, = f + fz s2 = f - fz 
In fig , Ob, the same wavefronts are selected but the beam incident at 
ZP, is focussed to a spot at ZP2. It is shown later in section 4.5.' 
tha t the first order wavefronts both f11l ZP 2 in this case. One 
wavefront is inverted with respect to the other. The zero order beam at 
ZP, has to be refocussed to a spot at ZP2 if the focal length of the 
latter is altered. 
In fig ", the sensitivities to transverse and axial displacements are 
plotted against the focal length fz, measured in the first order of 
diffraction at ZP,. The wavefront configuration is that shown in 
fig lOa. The corresponding radius of the aperture at ZP 1 and hence at 
ZP 3 is plotted below. When fz approaches zero, both s, and S2 tend to 
po si tions closer to ZP,. The aperture radius at ZP, also approaches 
zero. In this region, the axial sensitivity is minimal but the 
inversion of one wavefront produces a maximum transverse sensitivity. 
4.5 Examples of particular wavefront configurations 
As has been shown, the displacement sensitivity is due to the wavefront 
shear that occurs at ZP 2. A displacement of ZP2 has a larger effect on 
the curvature of one wavefront, and this may be enhanced by the 
selective action of ZP 3. For example, the direction of the effect may 
be changed by the inversion of one wavefront with respect to the other. 
Particular cases of wave front shear are shown in figures 12a, b, c and 
discussed in the next three sections. 
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Fig'O Configurations that utilize wavefronts produced by the two 
first orders of diffraction at ZP,. 
a) Collimated beam in zero order at ZP,. Wavefronts from S, 
and S2 fill ZP 2 in a ratio dependent on the focal length 
(fz) of ZP,. 
b) Zero order beam at ZP, focus sed at ZP 2. Wavefronts from 
S, and S2 fill ZP 2 equally. One wavefront is inverted. 
The zero order beam has to be refocussed if f is changed. 
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4.5.1 An interferometer with two-dimensional sensitivity 
The condition for this example is that the wavefronts occupy equal 
"areas at zp 2' This can occur when the two sources 51 and 52 are 
superposed, ie sl = s2' but the useful area of ZP3 is infinitely small, 
and the displacement sensitivity is zero. In fig 12a, the condition 
is met and the wave fronts occupy equal areas at ZP2 
Then Aw Ax=-4(!> and [4. 15] 
This is a system with relatively high transverse sensitivity but no 
axial sensitivity at the null setting, satisfying the conditionlil for a 
two-dimensional position location system. The axial sensitivity becomes 
finite away from the null position but is less than that in an 
optimized three-dimensional location system. 
It is interesting to note the case when the two wavefronts emanating 
from 51 and 52 are produced by two equal and opposite orders of 
diffraction eg :!: 1, from a zone plate ZP l which is illuminated with a 
wavefront focussed at ZP2 ' as in fig lOb. If the zone plate acts like a 
lens with optical powers of :!: K then 
f - [ 2~ - KJ-l ie K 1 -1 [4.16] sl = = 2f (f-s l ) 
[~f + K]-l 1 -1 [4.11] s2 = f - ie K = 2f + (f-s l ) 
giving 1 1 1 f = ( f - s 2 ) + "T( ""f -"-=s=-l'} 
This last expr"ession is satisfied if 
[4.18] 
As a particular example of the displacement sensitivity, consider the 
case where the numerical aperture subtended by ZP2 is P = 0.1, and the 
illumination wavelength is A = 0.6328 )lm. The transverse displacement 
a) 
b) 
c) 
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Fig 12 Configurations that utilize wavefronts generated in 
the zero and first orders of diffraction at ZP1 
a) Wavefronts occupying equal areas at ZP2 
b) One collimated beam, one expanded beam 
c) Maximum di fference in wave front areas at ZP 2 
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necessary to introduce a path difference llW equal to A at the edge of 
the aperture is then, 
6x 
4.5.2 A interferometer utilizing one collimated beam 
In fig '2b, one wavefront fills ZP2 , the other beam is collimated at 
ZP,. The collimated beam always illuminates ZP2 to the same diameter as 
ZP,. The reflected beam is then focussed midway between ZP 2 and ZP 3. 
Thus s, =cD and s2 is variable. Then, 
llW 
6x = 
48 f 
The ratio of the sensitivities = 6W/lI.x lI. W/Az 
= 
(f + s2) 
f3 s2 
(f - s2) 
= f3 s2 
[4.19] 
[4.20] 
for s2 > 0 [4.21] 
for s2 < 0 [4.22] 
As an example of the displacement sensi1;ivity, consider a system where 
f = 75 mm, s2 = 150 mm and f> = 0.1. Then to produce a path difference 
at the edge of the aperture, equal to the wavelength A: 0.6328 )lm, the 
required transverse displacement is, 
Ax = 4.8 )lm 
Similarly, the required axial displacement is 
toz = 71.2 )lm 
- 79 -
4.5.3 An interferometer with maximum axial sensitivity 
In fig '2c, we have two cases giving the maximum wavefront shear at 
i) r, = 0, r 2 = r, s, = -f 
"and since s, s2 > f2, for r 2 
11) r 2 = 0, r, = r, s2 = -f 
and since s, s2 < f2, for r, 
Therefore, for s2 > -f as in i) 
Aw 
6 x = + 2fl 
and for s, < -f as in 11) 
~W=_2A Ax ,-
> r, then s2 > -f. 
> r2 then s, < -f 
6w _a.2 
6 z = ,- [4.23] 
[4.24] 
This system has a higher axial sensitivity and lower transverse 
sensitivity than the case shown in fig '2a. An example is where 
(3 = 0.', A= 0.6328 pm, when the displacements necessary to make 6w = A 
are, 
Ax=3.2J.111l and t.z = 63.3 pm 
4.6 Chapter summary 
In Gates' interferometer, the zone plate ZP2 defines a unique position. 
ZP 2 operates in one order of diffraction, in a similar manner" to a 
concave mirror, and is used to image the plane containing the beam 
dividing zone plate ZP" onto the plane containing ZPr ZP3 combines 
the diffracted wavefronts to form an interference pattern. In practice, 
several wavefronts are produced in different combinations of diffracted 
orders and the requisite pair can be isolated by the use of a small 
aperture placed at the final focus of the superposed wavefronts. 
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Expressions have been derived for the optical path differences 
introduced for small axial and transverse displacements about the null 
position. The displacement sensitivity was found to vary with the 
wavefront shear at ZP2 and with the focal length of ZP2 .. 
Various wave front configurations have been described and graphs drawn 
to show the variation of displacement sensitivity, wavefront numerical 
aperture and zone plate aperture size. For a system only required to 
define an array in two dimensions, all the position-defining zone 
plates have the same focal length. The displacement sensitivity in the 
third dimension can be made a minimum by filling ZP2 with the two 
wavefronts derived from ZP 1. The transverse sensitivity· is made a 
maximum by inverting one wavefront with respect to the other. 
When sensing positions defined at different distances from the array of 
ZP 2 components the degree of wavefront shear at ZP2 alters. This 
changes the sensitivity to displacement of ZP 2 . The numerical aperture 
of the output wavefront alters, changing the size of the interference 
pattern that is formed on a screen beyond ZP3 , and the optimum position 
for the spatial filter aperture. 
These are rather inconvenient properties for an optical probe that will 
be mounted on a machine and preferably not disturbed during a 
calibration cycle. A system was therefore sought which would display an 
interference pattern that was easier to interpret due to its consistent 
size and sensitivity to displacement. 
Reference to Chapter 4 
1 Hutley, M C. The verification of three-coordinate measuring 
machines at NPL. NELEX 82: proceedings of the International 
Metrology Conference held at East Kilbride, Glasgow, Sept 1982. 
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Chapter 5 
THE AUTHOR'S INTERFEROMETER FOR LOCATING MULTIPLE POSITIONS 
Up to now the optical component ZP 2' used to define a unique position 
in three-dimensions, has been considered to be either a concave 
spherical mirror or the equivalent zone plate operating in the first 
order of diffraction. In the previous chapter, the individual 
magnifications of the optical system, Ml to M5, were calculated along 
with the resulting sensitivity to displacement. These were found to 
vary when locating positions defined by ZP2 components of different 
focal lengths. 
In this chapter an interferometer designed by the author is introduced, 
in which these factors are constant. The wavefront geometry remains 
constant when locating positions defined at different distances from 
the zone plate array and the components of the probe need not be 
disturbed. This is a system more suited for use in three-coordinate 
machine calibration. 
As with Gates' interferometer, it is based on three zone plates. 
However, the zero order of diffraction at the position-defining zone 
plate is utilized. This enables a- collimated reference beam to be 
reflected without its form being altered. Another difference is that 
zone plates ZP l and ZP3 are no longer in a conjugate relationship, the 
centre of curvature of the test wavefront being imaged back on i tsel f. 
5.1 Utilizing the zero order of diffraction at zone plate ZP2 
If ZP 2 is a diffracting component, the incident illumination is 
generally reflected in several orders of diffraction. Consider fig la 
where ZP 2 is formed on a plane substrate. Examining the zero order 
reflection of one wavefro!1t, say that from 51 to 55' the transverse 
magnification Ml is found to be zero. The transverse magnification for 
the image formed by the wave front from 52' reflected in the first 
order, is -(f/s2 ). The resultant separation of S4 and 55 due to a 
transverse displacement 6. x of ZP 2 is 
[5. 1] 
- 82 -
An axial shift A z of ZP2 will introduce a displacement of 26z to the 
image of S" reflected in the plane of ZP2 . This shift will be 
magnified by the action of ZP 3 such that the total axial displacement 
of the spot S5 becomes 
::: [;,-::,J' [5.2] 
The resulting axial displacement of the spot S4' formed using the 
wavefront from S2' is 
[5.3] 
The relative axial displacement of S4 and S5 is M5c.z and is the 
difference of the above displacements. 
5.'.' Variation of NA with focal length of zone plate ZP2 
The NA, Cl(. , of the superimposed portions of the wavefronts from S4 and 
S5 is determined by the position of S2 relative to ZP2 . The diverging 
wavefront from S, that f111s the aperture at ZP 3, underf1l1s the 
aperture at ZP" as shown by the broken line in fig 'a, and 
[5.4] 
which varies with the focal length of ZP2 . 
When s2 = f, cl.- = (3 and the radius of aperture at ZP3 becomes zero. 
When s2 = 0 the wavefront from S2 is collimated and cl.- = O. This is not 
a practical system as it entails adjusting the distance from ZP, to S2 
for different focal length ZP2 components, to maintain the collimated 
condition. 
-5.1.2 Sensitivity to displacement of zone plate ZP 2 
t,w Since 6
x 
= M4Q(. and 
~ 0(2 6~ = M5 2 we have, substituting [5.4], 
[5.5] 
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ZP2 
- -- --
- -
51 54 5 5 
a) L~s+ 1 ."IE 1 >IE 21 >1 
ZP2 
b) 
Fig 1 Using the zero and first orders of diffraction at ZP2' 
a) Two diverging beams incident at ZP2 
b) One collimated beam incident at ZP2 
t.w 
AZ = [5.6] 
The transverse sensitivity is independent of f and when s2 = f we have 
[5.7] 
5.1.3 Variation of beam ratio at zone plate ZP3 
The size of the image of ZP l that is formed at ZP 3 by light passing 
through S2' is constant for different focal lengths of ZP2. Because the 
light from SI is not used to form an image of ZP l at ZP3, the size of 
the illuminated patch at ZP 3 varies with distance to and hence focal 
length of ZP2 . The result is a variation in relative beam intensities 
and hence contrast in the interference pattern. 
The condition that the beam ratio is kept constant is that the beam 
from SI is collimated as shown in fig lb. 
5.2 A practical interferometer for mUltiple position location 
As has been shown, the use of two orders of diffraction at ZP 2 can 
produce a system with displacement sensitivity that is constant with 
different focal lengths of ZP2 . This can occur when s2 = f and <l/. =(3, 
but the useful aperture size at ZP 1 and ZP3 is then zero. 
In fig 2a, sI = f, ie SI is positioned in the plane previously occupied 
by ZP 1• ZP l and ZP3 are no longer in a conjugate relationship, but are 
posi tioned so as to still operate on a finite sized beam. Although ZP 3 
cannot be thought of as an image of ZP I' ZP 3 can still be formed as a 
holographic record of the two incident wavefronts, and replaced to act 
as a beam combiner and corrector. 
Two interferometer configurations are possible, depending on whether 
ZP 3 is placed before or after the focus position of the wavefront 
diffracted in the first order by ZP 2. In the latter case, shown in 
fig 2b, an auxilIary lens is required to focus the wavefronts to an 
isolating aperture. The ray pa ths are reversible of course, the system 
then being illuminated directly or via a relay lens. 
The former case is preferable because unlike the latter there is· no 
a) 
b) 
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S1 
~2f 2f 
S1 
~2f 
Fig 2 Symmetrical optical systems using two orders of 
diffraction at ZP20 These provide a constant reference 
wavefront when ZP 2 components of different focal lengths 
(f) are used 0 
a) ZP 1 relatively close to ZP2 
b) ZP 1 further from ZP 2 but wi th wavefront inversion 
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mutual inversion of the wavefronts at zp 3. It is also necessary, to 
maintain constant field size and position sensitivity, that the system 
is symmetrical with ZP1 and ZP3 having similar focal lengths. 
The NA of the wavefronts leaving ZP3 is now equal to the NA subtended 
by ZP 2 at its effective centre of curvature ie 0(. = f3 • 
The advantages of the modified interferometer are 
1) for a system with ray paths symmetrical about ZP2 the device 
has a high sensitivity to an axial displacement of the 
reflective element ZP2 • The axial sensitivity = - 2 ()(. and the 
transverse sensitivity = _()I.2. 
11) the system allows spatial filtration of wavefronts at a 
constant aperture position after ZP3, when using ZP2 elements 
of different powers. 
11i) the transverse and axial sensitivities and the numerical 
aperture of the wavefronts after the spatial filter also 
remaih constant, aiding the monitoring and interpretation of 
the interference patterns. 
5.2.1 Example of sensitivity to displacement 
Consider a typical system where the angle subtended by the zone plate 
ZP 2 at the source is Ol = 0.1. Illtmination is with a helium-neon laser 
at a wavelength of .A. = 0.6328 J.IIIl. Then the transverse displacement ~x 
necessary to introduce, at the edge of the aperture, a path difference 
bW equal to one wavelength is, 
~x = - 3.2 pm 
The axial displacement ~z necessary to introduce the same path 
difference is, 
/::;z = - 63.3 )lm 
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5.3 Other forms for the po si tion-defining component 
The forms of the position-defining component ZP2 considered so far are, 
a) a concave spherical mirror 
b) a zone plate working in reflection 
The concave mirror operates on both wavefronts in the system described 
in Chapter 4. Points on ZP 1 are imaged to conjugate points on ZP3 . 
The zone plate works like a concave mirror when used in the first order 
of diffraction. The surface relief can be replicated by casting, 
leading to similar, lightweight, components at low cost. When use is 
made of the zero order of diffraction, a plane reference wavefront can 
be reflected without curvature being introduced. In this arrangement 
the interferometer design introduced in this chapter can be used. 
The action of the zone plate operating in the first and zero orders of 
diffraction can be approxilllated by placing a partially-reflecting 
surface in front of the concave mirror. The beam divider and mirror 
then each reflect a portion of the incident wavefronts. The test and 
reference wavefronts transmitted by ZP3 are isolated by the use of a 
small aperture placed at their focus positions. 
Al ternatively, the centre of the spherical mirror can be pOlished flat, 
or removed and replaced with a flat mirror, fig 3a. This means the 
collilllated reference beam is reflected at the plane surface, and all 
but the centre region of the spherical wavefront is reflected with a 
change of curvature. 
The opposite to this configuration is to use a small concave or convex 
mirror set at the centre of a larger diameter plane mirror, figs 3b,c. 
This restricts the definition of positions to a nominally 
two-dilllensional array as the diameter, and hence focal length, of the 
spherical mirrors must be considerably smaller than the plane mirror. 
With both of the divided area types of ZP2 component the centre of the 
interference pattern is obscured. This is of little consequence as it 
is the edge of the pattern that changes most rapidly with displacement. 
Examples of patterns produced with this configuration are shown later 
in Chapter 7. 
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spherical 
plane 
.... >------ 2 f -----" 
a) 
b) 
c) 
Fig 3 Non-diffracting versions of ZP 2 for use \Jith 
the constant geometry probe. Use is made of 
spherical and plane mirror combinations. 
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5.4 Other uses for the interferometer 
The most obvious use for both families of designs described in 
Chapters 4 and 5 is in the testing of spherical mirrors and zone 
plates. In the configurations of Chapter 4, the zone plate ZP, is 
placed at the centre of curvature. The mirror would in fact be tested 
over the effective aperture of the zone plate. It has been shown by 
Scott, for a similar optical configuration using a scatter plate, that 
the resultant error is generally negligible ('). 
For the interferometer described in this chapter, the reference beam 
could be returned to the probe by placing a partially reflecting plane 
surface in front of the whole mirror, as in section 5.3. For larger 
test mirrors a small plane mirrror could be mounted at the centre of 
the spherical mirror as in fig 3a. This method truly tests the 
spherical mirror at the centre of curvature. The benefits of the 
common-path interferometer have already been described and the constant 
geometry probe makes for a convenient test interferometer. 
In Chapter .3, an interferometer due to Smartt was described for testing 
spherical mirrors and similar components (2). One zone plate is used to 
perform the functions of beam divider and combiner. In one configuraton 
the reference beam is reflected from a small plane mirrror placed close 
to the plane of the test surface. Al though similar to the po si tion 
location interferometer described in this chapter, it lacks the 
aberration compensation that can be achieved with a separate beam 
combiner fabricated in situ. 
Another application could be in monitoring the surface finish of 
nominally flat surfaces. Instead of the arrangement shown in fig 3c, 
the test wavefront would be reflected from the test surface in the cats 
eye configuration. The reference wavefront would be reflected as before 
using the test surface as a plane mirror. Fabricating ZP 3 with the 
reflected wavefronts, and replacing in the interferometer would yield a 
uniformly dark field. By translating the test surface in its own plane, 
any local height variations in the surface would cause the phase of the 
reflected test beam to vary. The reference beam would effectively 
average these variations and the changes to the interference pattern 
would be indicative of the surface flatness. 
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5.5 Chapter summary 
A practical zone plate interferometer, readily able to locate a range 
of positions in three-dimensions, has been proposed by the author. 
Here, a constant geometry for the reference wavefront is obtained by 
utilizing the zero order of diffraction at the position defining zone 
plate. The displacement sensitivity, pattern size and spatial fH ter 
position are independent of the focal length of ZP2' This makes for an 
optical probe that can remain undisturbed during a calibration cycle 
and is thus more suited for use with three-coordinate measuring 
machines. 
References to Chapter 5 
SCOTT, R M. Scatter plate interferometry. App. Opt., 1969, 8 (3), 
531-537. 
2 SMARTT, R N. Zone plate interferometer. App. Opt., 1974, .!1 (5), 
1093-1099. 
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Chapter 6 
THE POSITION INDICATING PATTERNS 
The sensitivity to displacement has so far been expressed in terms of 
the optical path difference that is introduced at the edge of the 
interferometer field. Section 6.1 of this chapter describes the path 
differences at all points in the field and the resulting irradiance 
distribution. The forms of the interference patterns introduced by 
axial and transverse displacements of ZP2 are deduced. 
An alternative approach is to treat the position-indicating patterns as 
a moire effect. Section 6.2 derives the expression for the moire band 
spacing due to a transverse displacement. 
Some methods of monitoring the patterns integrate the light flux over 
the whole or sections of the field. Theoretical values of the 
integrated flux at and around the null setting are calculated in 
section 6.3 of this chapter. Section 6.4 calculates the integrated flux 
measured in a split field system. other techniques for monitoring the 
interference patterns are described in section 6.5. 
6.1 Calculating the intensity distribution in the patterns 
In figure 1, two sources represent the foci S4 and S5 of the wavefronts 
that are combined by ZP 3• It is assumed they are of equal intensity 10 , 
giving maximum modulation of the resulting interference patterns. In 
practice it is. difficult to achieve that condition and the patterns are 
further degraded by the presence of light diffracted in various other 
combinations of orders at the zone plates. At the null setting, the 
sources are superimposed. Their relative"movement due to a displacement 
t.x or t.z of ZP 2 has been calculated in Chapters 4 and 5 by considering 
the transverse and axial magnifications of the system, M4 and M5• 
The wavefronts produce an interference pattern on an observing screen. 
A coordinate system is located on the screen which is in the plane x, y 
and two wavefronts emanate from coherent sources at x4Y4z4 and X 5Y?5. 
<j; is. the phase angle between the two sources. P is a point, at the 
screen, 
between 
with coordinates x , y • p p 
the rays arriving at P, 
By calculating the phase differences 
the irradiance distribution at the 
-----------------
- -- - ---------------------
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Fig 1 Calculating the intensity distribution at a screen placed after 
ZP 3 and illuminated by the wavefront sources 34 andS5 
screen can be deduced (1). The irradiance at Pis I(Xpyp) = [6.1] 
I {2 + 2 cos[n:~x 2+ y 2)(1. _.1.)_ 2x (!li - ~)_ 2y (i4 - ~~ +sz$ ]Il 
o . A ~ p P z4 z5 P z4 z5 P z4 z5/ U 
Now 34 is formed by the wavefront transmitted in the zero order at ZP 3• 
35 is formed by another wavefront diffracted in the first order at ZP 3. 
For ZP 3 in the form of an amplitude record, made by the negative 
photographic process, cp =")1;. 
Two particular cases of interest follow in 6.1.1 and 6.1.2 •. 
6.1.1 Patterns due to axial displacements 
For an axial displacementL'>z of ZP2, x4 = x5 = 0, Y4 = Y5 = 0, and 
( z4 - z5 ) = M5Az. The two wavefronts are centred on the z axis at z4 
and z5' Then [6.1], the irradiance distribution at the screen becomes 
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Loci of constant irradiance are given. where r2 is constant.by 
( x 2 + Y 2 ) = r2 p p 
If the substitutions Z = JZ4Z 5 and ( z4 - z5 ) = M5Llz are made. [6.2] 
becomes 
I(xpy p) = 10 \ 2 - 2COS(: :: M5 t.z)] [6.3] 
This corresponds to concentric circular bands of radius r. To compute 
the number of bands or fringes produced by a system of given NA. 
consider a narrow annular region of radius r at the screen. The annulus 
subtends a semiangle Ol at the origin of the wavefronts. Substituting 
ot = r/z. [6.3] becomes 
[6.4] 
Now. I(~) is a minimum when 
where n = 0.1.2 •••. 
that is 
0£. 2 [6.5] 
Considering the example given in Chapter 5 at section 5.2.1 where 
M5 = 2. and A = 0.6328 pm. the axial displacement of ZP 2 necessary to 
introduce one ring fringe in the field of numerical aperture Of. = 0.1. 
is 
t. z = = 63.3).lm [6.6] 
6.1.2 Patterns due to transverse displacements 
When x4 f. x5 and Y4 f. Y5 the two sources are transversely separated. 
and when z4 = z5 they are in the same plane. [6.1] becomes 
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Loci of constant irradiance are given by 
and this corresponds to straight fringes. When the two sources are on 
the same y coordinate the slope of the fringe direction is infinite ie 
the fringes are parallel to the y-axis. When on the same x-coordinate 
the slope is zero ie the fringes are parallel to the x-axis. 
To calculate the number of fringes produced by a system of given HA, 
consider a circular field. The perimeter of this subtends an angle~ 
at the origin of the illuminating wavefronts. Substituting 
z ' 4 
and 
we have 
[6.8] 
Loci of minimum intensity occur when 
211 M ( >: 40<. ~x +~y) = 2n TT where n = 0,1,2,3, .•... 
or 
cl. = nA [6.9] (c.x +Ay)M4 
Again, consider the system of Chapter 5 at 5.2.1 where M4 = 2, 0< = 0.1, 
A = 0.6328 pm. Then the transverse displacement (t. x) necessary to 
introduce one band between the centre and edge of the field is, 
~x 
= 3.2 pm [6.10] 
Fig 2 is a computer-drawn representation of the intensity distribution 
over the observing screen as described at [6.1]. The pattern of ring 
fringes is due to the axial displacement of ZP2 by 160 pm. A 
simultaneous transverse displacement of 6 pm causes the centre of the 
pattern to be displaced from the interferometer axis. A numerical 
aperture of 0.1 and illumination wavelength of 0.6328 pm is assumed. 
- 95 -
I 
l::' x 
Fig 2 A computer-drawn representation of the intensity distribution 
at the observing screen, for a typical displacement of ZP2 
in two orthogonal directions. See text for details. 
6.2 Moire analysis of the patterns 
The displacement sensitivity has so far been considered by calculating 
the optical path differences that are introduced by a displacement of 
ZP 2. These give rise to a phase distribution between two coherent 
wavefronts that combine to produce an interference pattern. The 
wavefronts are derived from and recombined by diffraction processes at 
the zone plates. 
Another approach is to consider the position indicating patterns as a 
moire effect resulting from the superposition of an incident pattern of 
light and dark rings, and a zone plate ZP 3 formed as a negative record 
of these rings. The incident pattern is formed by the interaction of 
two coherent spherical wavefronts produced by the zone plate beam 
divider ZP 1. For interferometers that place ZP 1 and ZP 3 in, a conjugate 
relationship, the incident pattern can be considered as a geometrical 
image of the beam dividing zone plate. 
Axial and transverse displacements of ZP2 produce corresponding changes 
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in scale and position of the incident pattern. The moire fringes are 
observed in the plane of ZP3. The number and spatial frequency of the 
moire fringes depend on the frequencies in the superposed patterns. 
These are in turn decided when designing the beam divider ZP 1 which 
produces wavefronts centred at Sl and S2. 
Using the notation of fig 3 and the lens equation, the focal length, 
fz, of the zone plate ZP l is given by 
1 
= -,--'---,..,.. 
fz (sl-f) + or [6.11] 
Neglecting higher order terms, the radius of the first zone is given by 
It follows that, 
(derived from equation [2.10] Chapter 2) 
(Sl-f )(f-s2 ) 
(sl-s 2) [6.12] 
6.2.1 Predicting the transverse displacement patterns 
If a transverse displacement 6x of ZP 2 is introduced in the position 
location system, the effect is to translate the zone patterns at ZP
3 
by 
twice that amount. In fig 4, two zone plate patterns with central zones 
of radius I' are transversely displaced by an amount 2 Ax, where 
26x < r. The dominant moire pattern is one of straight bands of 
spacing d = 1'2/4 AX (2,3). Substituting for 1'2 in equation [6.12], we 
have 
A (s l-f ) (f-s2 ) 
d = 2Ax(sl-s 2) [6.13] 
As before, the radius of zone plate ZP 1 is defined by the cone of 
illumination. This subtends a numerical aperture f3 and fills ZP 2 to a 
radius 1'1 such that, 
1'1 = 2(Jf 
(s l-f) 
(sl+f) for Sl filling ZP2 i.e. sls 2 < f2 [6.14] 
2 (3 f 
(f-s2 ) for S2 filling ZP2 i.e. 
2 [6.15] 1'1 = ( f+s 2 ) s ls2 > f 
S1 
- 97 -
I 
I 
I 
I 
1+52 -l 
I Ii""~>------- 51 -------00011 
I-f
z
-ll ..... -- f 
Fig 3 Notation for calculating the zone plate ring pattern at ZP1 
Fig 4 Moire pattern due to two superposed zone plates. The centres 
of the zone plates are transversely displaced by an amount 
which is less than the central band radius: 
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The number of fringes over the aperture radius is then 
~ 4~ f(s1-s2) 6x for s1s 2 < f2 [6.16] d = )..(f+S 1)(f-S2 ) 
r 1 413((s1-s2) t:,.x 2 [6.17] d = A(s1-f ) (f+S2 ) 
for s1s2 > f 
These agree with the equations derived in Chapter 4 at [4.9] and 
[4.12]. 
A silnllar treatment, not described here, can be applied to analyse the 
axial displacements. Here the scale of zone plate image varies to 
produce a moire pattern of concentric rings (4). 
6.3 Calculating the total light flux in the patterns 
When the two wavefronts are superposed at the null setting, no 
interference pattern exists and the screen receives a uniform 
illumination. When ZP2 is displaced, the wavefronts produce a pattern 
of interference bands. One way of detecting the null setting is to 
measure the total light flux in the field. The total flux present in 
the pattern of ring fringes or straight fringes can be calculated as 
follows . 
6.3.1 Flux variation due to axial displacements 
For a field of radius r containing concentric ring fringes due to an 
axial displacement AZ of ZP2, [6.3] can be written 
where 
lfM5 
A z2 
[6.18] 
This can be integrated over a circular aperture of radius R by dividing 
into n concentric zones of radius r and width Ar. The area of each zone 
is 211 r t:,.r and the flux through the zone is 2lfr lI.rI(r). The total flux 
through the aperture is ~n21Trll.rI(r). As n tends to infinity, the 
sum tends to the integral and the expression for the total flux F over 
a field of radius R is, 
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[6.19J 
Fig 5a shows F(t1 z) plotted against axial displacement!:J. z. It is 
assumed M5 = 2, A = 0.6328 )Jm, and z = 100 mm. k5 works out Cl! for 
NA = 0.1. Curves are plotted for circular apertures of radii r equal to 
5, 10, 15 and 20 mm, corresponding to numerical apertures of 0.05, 0.1, 
0.15 and 0.2. Intensity normalized to 100% for NA = 0.2. 
6.3.2 Flux variation due to transverse displacements 
Similarly, the total flux can be derived for a transverse displacement 
of the sources. For a field containing straight fringes introduced by a 
displacement M4A x of sources S4 and S5' [6.7J becomes 
where 
I(Xp,Ax) = Io{2 - 2COS(Xpk4 t.X)} 
2"JfM4 
--xz 
[6.20J 
The integration of this function over a circular aperture is difficult, 
but integration over a square aperture with two sides parallel to the 
fringe pattern produces a comparable result. If' the aperture of sides 
x = L, Y = L, is divided into n strips 6x wide, then the flux through p 
one strip is LAXpI(Xp). As n tends to infinity, ,the sum tends to the 
integral. Integrating [6.20J, the total flux is, 
F(A x) = 10 {2L 2 - ~~AXSin(Lk4AX)J [6.21J 
This function is derived for a square field and is plotted in fig 5b. 
For a circular field the effects of the bright and dark variations at 
the edge of the aperture will be lost. The oscillations in the curve 
described by [6.21J will decay more rapidly as larger displacements are 
made. Fig 12 in Chapter 7 shows the values of flux measured in a 
typical system, compared to the theoretical curve. 
6.4 The split field system 
The sensitivity to displacement of the optical probe with respect to 
the zone plate ZP2 can be defined as the rate of change of integrated 
flux. This can be measured. at a detector placed after ZP 3.· The 
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positions of the peaks and dips in fig 5a can be calculated by 
differentiating [6.19] to derive the condition for the gradient of the 
curve to be zero ie, 
[6.22] 
For the example quoted where NA = O. 1, two solutions occur when 6. z = 0 
and Az = 45 pm giving the positions of the minimum and first maximum. 
It can be seen from fig 5a that the region of maximum sensitivity to 
displacement occurs approximately midway between these points, ie 
around A z = 22 pm. The relative position of ZP 2 and the probe can be 
determined more pecisely here than at the fluffed out field setting. 
A further increase in sensitivity can be made by incorporating a second 
system arranged such that the sensitivity function has opposite sign 
and equal magnitude at this position. If for example the difference 
between the flux detected in the two systems is measured and displayed 
on a meter, the operator can make a more accurate setting. The two 
systems may be incorporated in one by using a split field ZP 3' each 
half producing a fluffed out field corresponding to two separate 
positions on the axis of ZP2. The null position can then be defined as 
midway between these two fluffed out positions, when the flux detected 
in the two halves of the split field is equal. 
The null position may be sensed by monitoring the difference in the 
flux integrated over each of the two segments of the split field. This 
difference signal can be calculated by applying [6.19] to each segment, 
replacing Llz by (Ll z + s) in one equation, where s is the axial 
distance between the two fluffed out field positions. Then the flux 
difference is given by, 
{1T Cin( R~5(az + S )) - Si~zR~5AZ »)J Fs(Ll z) = 10 k5 (~z + S ) [6.23 ] 
F s (A z) is plotted against axial displacement Ll z in "fig 6. Several 
curves are shown for various values of axial separation s. A comparison 
with the values measured in a typical system is shown later in fig 16, 
Chapter 7. 
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Fig 5a The total light flux F(~ z) in the patterns. The integration 
is over the whole circular field. F( t!. z) is plotted against 
axial displacement ~ z (pm). The aperture radius r increases 
from 5 to 20 mm, corresponding to NA "= 0.05, O. 1, 0.15, 0.2. 
68 
Fig 5b The total light flux F( t!. x) in the patterns. The integration 
is over the whole square field of side L. F(A x) is plot~ed 
against transverse displacement ~x (pm). L increases from 10 
to 40 mm, corresponding to minimum NA = 0.05, 0.1, 0.15, 0.20. 
The ordinates show the relative levels of integrated flux. 
These values and those in fig 6 were calculated and plotted 
using a "BBC" computer and "Epson" dot matrix printer. 
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Fig 6 Fs(~ z), the difference in the light flux integrated over two 
semicircular areas of the field. F (~z) is plotted against 
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the axial separation of the dark field positions. NA = o. f. 
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6.5 Monitoring the interference pattern 
It has been shown that an interference pattern is produced by the 
position location -system and that this pattern consists of equally 
spaced straight bands for a transverse displacement, and concentric 
rings for an axial displacement of ZP2. Thus in order to decide on the 
relative positions of the optical probe and ZP 2' the interference 
pattern must be monitored. 
6.5.1 Direct viewing 
A simple method of monitoring the displacement is to view the pattern 
projected on a screen. In order to present the pattern to an observer 
at a distance from the system, the pattern image may be relayed using a 
coherent optical fibre bundle, a closed circuit television or a 
combination of the two. If a charge coupled television camera is used, 
the light weight and low power consumption, of the solid state detector 
allows it to be mounted directly on the probe. If a less expensive but 
more bulky vidicon camera is used, it is better to mount the camera 
away from the probe. The pat tern can be' relayed to the camera using a 
flexible coherent bundle of optical fibres. 
It is well known that the human observer can be very good at judging 
two simultaneous effects. In photometry for example, the intensities of 
two sources are often compared by measuring the distances at which they 
produce equal illuminations at a photometer head. However, the human 
observer can be inconsistent at judging an absolute measurement. 
Therefore for consistent results, a quantitative method of making the 
null setting was sought. 
6.5.2 Photometric setting 
When sensing the null position defined by a uniformly dark field, a 
photometric setting can be made using a photocell and meter. The dark 
field causes the cell output to drop to a minimum at the null position, 
The sensitivity to 
of flux at the 
and rise again with' increasing displacement. 
displacement, defined as the rate of change 
photodetector, reduces to zero at the null position. 
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The sensitivity increases to a maximum when the flux at the detector is 
changing most rapidly with displacement of ZP 2. By defining the null 
setting at this position, small displacements can be detected much more 
readily. Another advantage is that the sign of the displacement can be 
determined from the sign of the change in detector Signal. One 
difficulty arises however in defining a fiducial point based on the 
absolute value of the transmitted flux. Variations in the source 
intenSity will also cause the photocell output to vary. This effect can 
be reduced by balancing signals in a split field configuration. 
6.5.3 Split field with spatial division 
A further increase in axial displacement sensitivity and a convenient 
reference point is gained by effectively incorporating a second 
interferometer system. This second system produces a uniformly dark 
field for a different axial position of ZP 2' compared to the first 
system. The two systems may be incorporated in one using the same 
components ZP 1 and ZP2, and a split field ZP3• The two halves of ZP3 
have slightly different focal lengths and each produces a dark field at 
a. different position of ZP2 relative to the probe. In the example 
quoted in 6.4 the separation of these two pOSitions is 45 pm. 
The probe can be said to be at a new null setting when it Is located 
between these two positions. The flux transmitted by the two halves of 
the field will then be equal and can be measured with a divided 
photocell and meter. By careful design, this can also be the pOint 
where the differential rate of change of flux with axial position is 
the greatest. Various geometrical configurations of split fields were 
investigated these will be described in Chapter 7 with comments on 
their practicability. 
6.5.4 Split field with temporal division 
Here the phase of the entire field is varied in time. The path 
difference can be introduced by placing a glass plate, rotating in its 
own plane, in the beam before ZP 3. The effect is to produce two 
superposed patterns that become identical for one setting of the probe. 
The patterns move in opposite directions for a transverse displacement, 
and change in size for an axial displacement. The basic pattern can 
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contain part of one fringe as in the spatially divided field described 
above, or several fringes enabling an accurate alignment of the two 
patterns to be made. 
6.5.5 Electronic detection of optical path modulation 
Another method of varying the path difference with respect to time is 
by mounting one of the interferometer components on an 
electro-mechanical transducer and driving it with a sinusoidally 
varying voltage. The optical component is then displaced with time in a 
direction normal to its surface, and a path difference introduced that 
varies sinusoidally with time. 
As the path difference varies with time, so does the intensity at the 
photodetector. If the path difference is modulated so as to span the 
intensity minimum on the curve in fig 5 then the intensity at the 
photocell will vary. This will be at twice the frequency of modulation 
of the path difference, and generally with alternate peaks of different 
heights. The detector output can be displayed on an oscilloscope and 
the path difference adjusted by changing the axial position of the 
interferometer head with respect· to ZP 2. As the null position is 
approached, the peaks on the oscilloscope display become similar in 
magnitude. 
The precision with which the peaks can be judged to be of equal height 
can be improved by feeding the photodetector output into a phase 
sensitive rectifier. This rectifier uses the sinusoidally varying 
voltage, driving the displacement transducer, as a reference signal. 
The rectifier is then only sensitive to the fundamental frequency, the 
presence of which can be shown as a DC signal displayed beneath the 
double frequency trace on the oscilloscope. The setting is made by 
adjusting the path difference until the DC signal is at a minimum. 
The greatest path difference modulation can be introduced by modulating 
the axial position of the reflecting component ZP 2• However, any tilt 
inadvertently introduced at ZP 2 has the effect of disturbing the 
symmetry of the interference pattern produced after ZP 3. The effect of 
tilt of ZP, is less and for that reason it is easier to modulate the 
position of ZP,. 
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6.5.6 Automatic pattern analysis 
Increasing use is being made of automatic pattern analysing systems in 
many branches of optical metrology. A common application is the testing 
of optical components during the last stages of manufacture. The 
pattern generated by placing the component in an interferometer may be 
viewed by a television camera, and the serial data output directly 
displayed or processed. An advantage here is that the approximate form 
of the interference pattern is known beforehand. Test interferometers 
with automatic pattern processing are available commercially (5). 
Another approach is to use a television camera and video frame store. 
Random accessing of the image data by a computer then enables analysis 
of the patterns to be performed in a reasonable time. This method is 
more suitable for the analysis of optically noisy patterns'. At NPL, a 
separate research project was concerned with the development of pattern 
analysis techniques using a computer image processing system. Analysis 
of the patterns produced by the position location interferometer was 
one of the applications studied and the results are summarized in 
Chapter 7. Automatic image processing is required for robotics 
applications, and aided by developments in the field of microcomputers 
and photosensor arrays is becoming cheaper and more powerful. An 
example is the linear array parallel processor that is being developed 
by NPL, which is cheaper and more compact than previous devices. Such 
progress means that the number of applications for interferometry in 
engineering metrology will increase. 
6.6 Chapter summary 
In Chapters lj and 5, the relative displacement of the centres of the 
wavefronts superposed by ZP 3 were calculated. In this chapter, the 
phase distributions at a screen placed after .ZP3 have been analysed. A 
pattern of concentric rings results from an axial displacement and 
straight parallel equispaced bands from a transverse displacement of 
ZP 2. The latter effect may also be derived by considering the moire 
pattern resulting from two superposed zone plates. 
Methods of detecting the null position defined by the interferometer 
have been described. These include direct viewing of the interference 
pattern by the human observer, photometric determination of the 
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transmitted flux, and electronic detection of optical path modulation. 
An advantage is gained by making the photometric setting at a point 
where the photodetector output is varying rapidly with path difference. 
The introduction of a relative phase difference between sectors of a 
spatially divided field enables position location to be accomplished 
with increased sensitivity. If a setting is made by comparing the flux 
integrated over the field sectors,·the system becomes less sensitive to 
variations in the intensity of the source illuminating the 
interferometer. 
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Chapter 7 
LABORATORY TRIALS 
This chapter describes the experiments performed in the laboratory to 
check the validity of the equations derived in Chapters 4, 5 and 6. The 
experimental interferometer is described, and the effects of different 
wavefront configurations are recorded. Photographs of the position 
sensitive patterns are presented, and values of the sensitivity to 
displacement are derived from measurements of the spacings of the 
pa ttern bands. 
7.1 Experimental rig 
The initial experiments were carried out wi th a position sensitive 
interferometer set up on an optical bench in the laboratory. The 
layout; shown in fig 1, enabled optical components to be readily 
interchanged and the effects of wave fronts diffracted in differen t 
orders at the zone plates to be determined. However, the lack of a 
temperature controlled environment meant that only short term 
displacement measurements could be made. 
For longer term work, greater dimensional stability was required and 
the experimental work was moved to a laboratory in which the 
temperature was held constant to :!: l oC. This limited the temperature 
induced length changes in components such as the mild steel optical 
bench to :!: l)l1D in 600 mm. This was comparable to the precision 
required in eventually locating the positions defined by the optical 
space frame. 
The beam from a helium-neon laser was passed through a half wave plate 
in a rotary mount to enable orientation of the plane of polarization. 
After expansion to fill a microscope objective the beam was spatially 
filtered by focussing to a 25 ~m aperture and then collimated by a good 
quality doublet lens. In these experiments, ZP 1 was a phase-zone plate 
made using a wavefront interference method. Early experiments were with 
zone plates recorded in photographic emulsion. Later, zone plates 
formed in photoresist were used. ZP 1 transmitted some of the 
illumination as a collimated beam, but also acted in the two first 
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orders of diffraction to produce diverging and converging spherical 
wavefronts. Various pairs of diffracted orders could then be selected 
using appropriately placed masks and apertures to block the unwanted 
wavefronts. 
Before reaching the reflective component ZP 2' the illumination passed 
through a 25 mm cube beam divider with a polarizing interface. A 
quarter wave plate placed after the beam divider rotated the 
polarization vector such that the in1t1ally transmitted wavefronts were 
then returned by ZP2 and preferentially reflected at the beam divider. 
For an optical path totally in air, ZP 1 and ZP2 would be separated by 
the autostigmatic distance 2f. Refraction effects at the beam divider 
cube however, meant the real distance from ZP 1 to ZP2 had to be 
increased by about 12 mm, to provide the same apparent distance. The 
rig containing the collimating and beam dividing components is shown 
photographed in fig 2. 
For the first experiments, ZP 2 was a concave spherical mirror. This was 
later replaced by a diffracting zone plate, operating either as a 
spherical mirror, or as a spherical and plane mirror combination. To 
enable different ZP 2 components to be readily interchanged on a 
horizontal platform, the system was folded through 900 by a plane 
mirror .. ZP 2 was supported in a horizontal plane by a two-axis slide 
which in turn was supported with the 450 mirror on another adjustable 
slide. 
The latter slide enabled the whole assembly to be moved along the 
optical axis defined by ZP 1, simulating adjustment in the direction of 
the z axis. In later experiments, the beam folding mirror was removed 
and ZP 2 was supported in a vertical plane by a precision three-axis 
slide. Electronic linear measuring instruments, manufactured by Tesa SA 
of Switzerland, were used t'? measure the slide displacements. These 
worked on the differential transformer prinCiple, with a probe in 
contact with the slide. The instrument accuracy was quoted as 1% of the 
measuring range eg 0.6 ~ over 60 ~ range. 
The wavefronts reflected from ZP 2 were focussed to form fine 
interference patterns of concentric rings in the plane of ZP3. The 
pattern of particular interest was that associated with one specific 
pair of wavefronts and was isolated by the judicious use of stops and 
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Fig 2 Photograph of the test interferometer showing, left to right; 
beam expanding lens, 
microscope objective, 
spa tial f1l ter , 
iris diaphragm, 
collimating lens, 
piezoelectric crystal, 
zone plate ZP l' 
beam-divider cube, 
zone plate ZP3 in spring loaded mount. 
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apertures placed at the wave front foci both before and after the ZP 3 
plane. This pattern was recorded and processed to fonn the ZP 3 
component. 
7.2 Recording zone plate ZP 3 
The function of ZP 3 is to recombine the two wavefronts reflected from 
ZP2 to enable a live interference pattern to be formed that "fluffs 
out" at a unique setting. By using the holographic principle and 
recording ZP 3 in situ, the effects of optical aberration due to the 
other components in the system are cancelled. A photosensitive material 
is exposed in the plane of ZP 3' processed and replaced in its original 
position. Some of the energy in each one of the original wavefronts is 
diffracted by ZP 3 to produce a replica of the other wavefront. Thus, 
depending on the modulation depth of the recording, in turn dependent 
on the original beam ratio and on the recording material properties, at 
least one and usually more than two pairs of similar wave fronts 
propagate beyond ZP3 . 
The choice of recording material was determined by the light source 
used in the experiments. The most convenient source would be one that 
emitted radiation of the same wavelength as that used in the final 
instrument. This would avoid wavefront aberration and focus shifts that 
are induced by a change of wavelength between recording and subsequent 
use. The source chosen was the helium-neon laser with an emission 
wavelength of 0.6328 ~. Exposure times of the order of seconds or less 
were required to minimize the effects of vibration or drift which would 
cause a loss of contrast in the interference pattern. Resolution in the 
recording of up to 300 lines per mm was required. 
The two most useful of the materials considered were photographic 
emulsion, that is commercially available, and pho tocond uc tor 
thermoplastic material, which is readily prepared in the laboratory 
(1). The former has a high sensitivity, typically 20 mJ/m2 to produce a 
developed density of 0.6, and can be processed to a surface relief or 
volume effect. It is most easily processed away from the recording 
area, thus subsequently requiring precise relocation. 
Thermoplastic materials can be processed in situ, but separate 
experiments showed a marked variation of diffraction efficiency with 
- 113 -
radial position over the zone plates. This was due to the variation of 
surface relief effect -with the wide range of spatial frequencies 
present in the zone plate type recording. Associated with the surface 
deformation required to form the zone plate is also a random relief 
pattern known as "frost". This causes light scattering during 
subsequent illumination, leading to a reduction of fringe contrast when 
such zone plates are used as interferometer components. 
The material-adopted for recording the ZP3 zone plates was Agfa 8E75 HD 
holographic emulsion. This was commercially available on glass plates 
up to 6 mm thick. Although more rigid than the thinner plates, the 
glass was not optically uniform in transmission. Consideration was give 
to supplying optically worked glass to Agfa for coating with 
photographic emulsion. This was rejected due to-the long delivery times 
quoted and the possible inconsistencies in emulsion characteristics 
that would occur in short coating runs. It was eventually suspected 
that the nonuniformity in the glass substrate limited the results 
obtained. _ Future work could explore the use of better quality 
substrates. 
The exposure time necessary to record an efficient ZP 3 depended on the 
source intensity, the efficiency of ZP 1 and ZP2 in the diffracted 
orders Under observation, the degree of beam expansion necessary to 
achieve uniform illumination and the efficiency of the cube beam 
divider. It was found using a 5 mW helium-neon laser that exposure 
times were generally of the order of a second or less. 
Developnent was for 5 minutes in Kodak D19b followed by washing and 
fixing. In some cases the local average intensity of illumination 
varied over the plane of ZP 3 and this meant the density of the 
processed material would vary correspondingly by an amount depending on 
the characteristics of the recording material. 
To produce a recording of lower contrast ratio than above, development 
was for 10 minutes in Kodak D76. In later tr ials, the record was 
bleached to produce a more efficient phase structure. Kodak R10 bleach 
was used initially, but a higher diffraction efficiency was obtained 
later by using a pyrogallol developer followed by a potassium 
dichromate bleach (2,3). In some cases a relative phase shift was 
observed to occur between the two wave fronts diffracted by ZP 3. This 
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was due to a change in the optical thickness of the recording and led 
to an interference pattern which fluffed out to a unifonn but not 
necessarily dark field, i.e. the fringe through the centre of the field 
was not necessarily dark. 
ZP3 was precisely located using a kinematic mount. The requisite pair 
of wavefronts was isolated by placing a small aperture at the focus of 
the transmitted wavefronts, which are either converging naturally or 
made to do so with a positive power ·lens. A second beam divider was 
used to enable the interference patterns generated by a displacement of 
ZP2 to be monitored, either on a screen or with a television camera and 
with a photocell and meter. 
7.3 Wavefront configurations and displacement sensitivity trials 
In these trials, observations were made of position indicating patterns 
that were formed by the interaction of various combinations of 
wavefronts. The aim was to give an indication of the validity of the 
sensitivity equations derived in Chapters 4,5 and 6. 
ZP2 was progressively displaced by measured amounts and the resulting 
displacement patterns were photographed. Measurement of the band 
spacings in these photographs, or interferograms, enabled a graph 
showing the displacement sensitivity to be drawn. The slope of the 
graph was compared to the sensitivity calculated from the equations 
derived in Chapters 4,5 and 6. The graphs shown here are, for clarity 
in reproduction, ink tracings of the fine pencil line graphs from which 
the slope measurements were derived. The aim was to give an indication 
of the validity of these equations for a few sample configurations. 
The photographs in most of these illustrations were taken on fast 
Polaroid film, with which separate negatives were not available. This 
enabled the records to be examined immediately but meant that 
measurements had to be made from the prints. It is well known that such 
measurements can contain inaccuracies due to the uneven shrinkage of 
the print base. More reliable measurements could have been made from 
the orginal film had it been available, for example, in negative fonn. 
The scale of the photographic record was determined by measuring the 
diameter of the illuminated aperture at ZP 2 during. the trial, and the 
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corresponding dimension from the print. The boundary of the 
illumination was made less distinct by diffractio·n effects and it was 
estimated that the field scale was determined to within! 2%. 
The precision with which the band spacing in one interferogram can be 
determined is affected by the nl.lllber of bands present and the depth of 
modulation in the pattern. In most cases, the random error in 
determining the displacement sensitivity is inversely proportional to 
the square root of the number of interferograms measured. It was 
estimated that the slope of the graph showing displacement sensitivity 
and drawn through five or so observations, could be determined to 
within:!: 2%. 
The final quantity to consider was the measurement of the displacement 
of ZP 2. While the linear displacement transducers were known to be 
accurate to better than pm it was not always certain that the ZP 2 
component was displaced by the same amount as that measured at each 
translation stage. As with the three - axis measuring machine problem 
that is the subject of this thesis, the· six possible degrees of freedom 
of each stage reinforced the possibility of displacement errors being 
present. All precautions were taken to ensure the measured point was as 
close as possible to the ZP 2 component and that errors such as backlash 
and wind were reduced by driving the displacement stage in the same 
direction each time. It was estimated that the displacement of ZP2 was 
measured to within:!: 2%. 
The sum of the major errors in determining the displacement sensitivity 
was thus estimated to be ! 6%. This limit has been applied to the 
resul ts to give an indication of the agreement between theory and 
practice. In some cases, where more than four patterns were recorded, 
the limit is pessimistic. 
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7.4 Position indicating patterns and sensitivity results 
7.4.1 Example i) 
Fig 3a shows a sequence of patterns recorded using the configuration 
shown in fig 3b. Fig 3c is a key to fig 3a showing the measured 
displacements that resulted in the patterns shown. 
In this arrangement, ZP 1 was a zone plate with a focal length of 65 mm 
in the first diffracted order. Wavefronts diffracted in the first and 
zero orders were utilized, giving values of infinity and 47 mm for s1 
and s2 respectively. ZP2 was a concave mirror, working at its radius of 
curvature of 225 mm to form an image of ZP 1 in the plane of ZP 3. The 
diameter of the illuminated aperture at ZP 2 was 43 mm, defining an 
NA = 0.096. 
In fig 3d, the mmber of interference. bands, counted over the radius of 
the field, is plotted against the measured displacement of ZP 2. The 
necessary displacements to introduce one band are calculated to be 
Ax = 2.3 J.lID A z = 84 Jlm 
From the graphs, the corresponding displacements are measured to be 
Ax = 2.3 + 0.14 J.lID /:; z = 88 + 5 }JID 
- 11 7 -
:). " '.: " .' 
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',--
Fig 3a Sequence of position-indicating patterns recorded 
using the wave front configuration of fig 3b. 
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1 5 10 
2 0 11 
3 [2] 12 
4 0 13 
9 14 
1) null 5) x = -22 10) z = +729 
2) y = -20 6) x = + 8 11 ) z = +333 
3) y = +13 7) x = +14 12) z " -489. x = +6 
4) y = +25 8) x = +23 13) z = -775. x = +6 
9) x = - 9 14) z = -489 
Fig 3b Key to the displacements that produced the patterns in fig 3a. 
Dimensions in ~. 
z 
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f-I' --- 2f ------1-, 
f-S2-1 
I 
Fig 3c The wavefront configuration used for fig 3a. 
s1 = infinity, s2 = 47 mm, 2f = 225 mm 
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+ 10 llx(pm) /+ 10 ~y (pm) 
Fig 3d The displacement sensitivity, measured from the patterns in 
. fig 3a. The number of bands observed over the radius of the 
field is plotted against the corresponding displacements. 
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7.4.2 Example ii) 
In this configuration the concave mirror acting as ZP 2 was replaced 
with a diffracting component. This was a resin replica of an off-axis 
area of a surface relief zone plate formed in photographic gelatin. The 
resulting optical axis of this component was inclined to the normal 
such that any light in the zero order of diffraction was reflected away 
from the system. Most of the light that was focussed back to the system 
was contained in one first order of diffraction at ZP2. 
As described in Chapter 2, this type of zone plate contains a greater 
range of spatial frequencies than the equivalent zone plate with 
optical axis normal to the substrate. Because of the variation of depth 
of surface modulation of photographic gelatin with spatial frequency, 
there is a corresponding variation of diffraction efficiency. This is 
apparent in the photographs of displacement patterns shown in fig 4a, 
showing an overall intensity variation from left to right. 
The wave fronts utilized here are shown in fig 4b. The wavefronts 
diffracted in the two first orders of diffraction at ZP 1 are both 
returned to ZP 3' using the first order of diffraction at ZP 2. The NA 
subtended by ZP 2 was smaller. than before ie NA = 0.07. 
The displacements necessary to introduce one band over the radius of 
the field are calculated to be 
l!.x = 2.9 IIID Az = 184 llm 
From the graphs shown in fig 4c, the corresponding measured 
displacements are 
t.x = 3.1 + 0.2)l1D f:,z = 180 ± 11 Jim. 
a 
d 
9 
a) null 
d) y = 9 
g) z = 426 
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b 
e 
h 
b) x = 13 
e) y = 16 
h) z = 766 
c 
f 
c) x = 25 
fl y = 28 
1) z = 1078 
Fig 4a Observed patterns and the corresponding displacements. 
Dimensions in ).lID. 
-= 
Fig 4b 
- 123 -
I- 2f ·1 
-I~ 
--
- -
ZPl ZP2 XL 
z 
The wavefront configuration used for the patterns 
shown in fig 4a 
Bands 
10 
Bands 
10 
5 
o 10 20 30 40 
!:::.X and !:::.y (pm) 
5 
500 
tu Cum) 
Fig 4c The displacement sensitivity measured from the 
patterns shown in fig 4a 
1000 
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7.4.3 Example iii) 
Here the zone plate at ZP2 was similar to that in i1) in that the 
optical axis was inclined to the normal to the substrate. However the 
zone plate operated on one wavefront from ZP 1 with a focussing action, 
and reflected the other wavefront from ZP 1 without introducing a change 
of curvature. 
This was achieved by superposing a linear grating of constant pitch 
when fabricating the original zone plate in photographic gelatin. The 
aim was to fabricate a component that operated in two different first 
order modes, while allowing the light in the zero order of diffraction 
to be reflected away from the interferometer system. 
The ray diagram and an example of bands introduced by a transverse 
displacement are shown in fig 5. 
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Fig 5a The patterns obtained using the wave front configuration 
of fig 5b. These patterns were photographed from a 
television monitor screen. 
~14--------2f--------~~1 
n 
Fig 5b The wavefront configuration used for fig 5a. 
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7.4.4 Example iv) 
Once again, ZP 2 was a diffracting component operating in two modes, 
using the zero and first orders of diffraction. The optical axis of ZP2 
was normal to the substrate but instead of the zero order wavefront 
being reflected away as in example 11), it is reflected back along the 
interferometer axis. 
The interference pattern monitored at ZP3 is that from two wavefronts 
diffracted in the 1, 1,0 orders and the 0, 0, 1 orders at ZP1' ZP2 and 
ZP 3. ZP l is imaged in the plane of ZP3. 
Photographs of the displacement patterns shown in fig 6a were obtained 
using the ray diagram shown in fig 6 b. A dark null setting is shown, as 
well as the bright null setting that can be made to occur in the 
presence of a small tl1 t of the wavefronts reflected from ZP 2' The 
axial displacements have been made with this phase change still 
present. Note the bright fringe at the centre of the pictures showing 
ring fringes. 
With values of sl = infinity, s2 = 47 mm, 2f = 225 mm and NA = 0.1, t,he 
transverse and axial displacements necessary to introduce one band over 
the field radius are calculated to be 
6.x = 4.6 J.IIIl 6. z = 67 Jlm 
The transverse displacement of 18 JlM produced 3.8 bands giving a 
corresponding sensitivity of 
6.x = 4.7 Z 0.2 JlM 
The plot of axial displacement against bands introduced is shown in 
fig 6c giving a corresponding sensitivity of 
Do z = 66 + 3 J.IIIl 
-i) Dark null 
iv) y = 10 
vii) z = 244 
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vi) Bright null 
ix) z= 1037 
Fig 6a Observed patterns and the corresponding displacements ( pm). 
z 
-
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I-S2--1 
I 
Fig 6b The wavefront configuration used for fig 6a 
Bands 
15 
10 
500 1000 
/).Z C.um) 
Fig 6c The axial displacement sensitivity 
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7.4.5 Example v) 
As in iv), ZP2 operates simultaneously in the zero and first orders of 
diffraction. However, ZP 1 and ZP3 are placed further from ZP2 and are 
no longer in conjugate planes. The collimated beam from ZP 1 acts as a 
reference, while the first order wavefront converges to a real focus. 
At the null setting, this wave front is retroreflected to recombine with 
the reference wave front at ZP3. 
In fig 7a, examples of the displacement patterns are shown. The pin 
cushion distortion was introduced by the relay lens, necessary here to 
focus the chosen wavefronts and enable spatial filtration using the 
small aperture. The vertical light band common to all ·the records was 
due to the presence of a mask necessary. to obscure the unwanted 
wavefronts brought to a focus earlier in the system. This mask was 
oversize and smaller masks fO!"IDed with a small disc suspended on a fine 
wire, were used in later trials. 
In this configuration, the displacement sensitivity is independent of 
the focal length of both ZP 1 and ZP 2. One disadvantage however, is due 
to the relative wavefront inversion that occurs at ZP2. Any wavefront 
aberrations initially present are corrected by the action of ZP 3. 
However, if the ZP 2 component is changed, or rotated in its own plane, 
it is possible that asymmetrical aberrations can have different effects 
on the wavefronts arriving at ZP3• These are no longer cancelled by the 
action of ZP 3. 
In fig 7b, for the wave front converging from ZP l' s2 = 47 mm and the 
focal length of ZP 2 = 112.5 mm. The calculated displacements necessary 
to introduce one band in the radius of the field of NA = 0.1 are 
t;x = 3.2 J.IIll A z = 63 pm 
From the plot in fig 7c, the corresponding measured displacements are 
Ax = 3.3 + 0.2 pm Az = 64 ± 4 JlID 
i) null 
iv) z = 204 
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11) x = 15 
vi) z = 399 
11i) x = 35 
vi) z = 9 10 
Fig 7a Observed patterns and the corresponding displacements (JlIll). 
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Fig 7b The wavefront configuration used for fig 7a 
Bands 
10 
o 10 20 30 40 
~x(~.Jm) 
15 
Bands 
10 
+ 
500 
~z ()..Im) 
Fig 7c The transverse and axial displacement sensitivies measured 
from fig 7b 
1000 
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7.4.6 Example vi) 
The configuration here is that adopted in the final design of 
interferometer for the verification of three-coordinate measuring 
machines. 
As before, ZP 2 operated simultaneously in the zero and first orders of 
diffraction. Here ZP 1 and ZP3 were positioned between ZP2 and the 
effective point source of illumination. The reference and position 
sensing wavefronts are not inverted at ZP 2 and no relay lens is 
required for focussing to the filter aperture. The displacement 
sensitivity is constant for various focal lengths of ZP2 • For a system 
with NA = 0.1, the displacements necessary to introduce one band over 
the radius of the aperture are calculated to be 
Ax = 3.2)lm 6 z = 63.3 )lm 
Typical interference patterns are shown in fig 8a. The ZP2 component 
used here was fonned in photoresist. The ray diagram is shown in 
fig 8b. The diameter of the illuminated area at ZP 2 was 43 mm which 
combined with a value of 2f = 225 mm gave an NA = 0.096. The above 
displacements become, for this system, 
A z = 69 )lm 
Values measured from the graph in fig 8c are 
6x = 3.3 :!: 0.2 )lm 6z = 67 :!: 4 J.Im 
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t:.z ' 300~m 
Fig Ba Observed patterns w1 th the corresponding displacements 
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Fig Bb The wavefront configuration used for fig Ba 
Bands 
10 
I / 5 
o 10 20 30 
!::.X Cum) 
Bands 
10 
5 
o 500 
!::.z Cum) 
Fig Bc The transverse and axial displacement sensitivities 
measured from fig Ba 
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7.4.7 Examples vii), viii ) 
Arrangements using 
with dual optical 
non-diffracting o ptics t o provide ZP 2 components 
powers were described earlier in Sect i o n 5.3, 
Chapter 5. Two examples of the patterns obtained witb these components 
are shown here. 
Example vii) A 5 mm diameter bearing ball was attached t o a plane 
mirror and used as the component ZP 2. The ray diagram is shown i n 
fig 9a . Waverronts reflected from this configuration were used to 
expose the zone plate ZP3 , which was processed and replaced to give a 
uniformly dark field. The effects of a small transverse displacement 
are shown in fig 9b. The interference pattern has been relayed to the 
observer via closed circuit television, using a small vidicon camera. 
The clear centre to the pattern is due to the masking of the plane 
wavefront by the bearing ball. 
- =:::::a: 
----
Fig 9a Ray d iagraJll 
Fig 9b Patterns observed using a small sphere and plane mirror as ZP 2. 
The patterns are displayed via a closed c ircuit televis io n. 
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Example viiil The converse arrangement is now illustrated . ZP 2 is 
assembled from a spherical concave mirror with a smaller plane mirror 
at the centre . The corresponding ray diagram is shown in fig lOa. 
Patterns resulting from transverse and axial displacements are shown in 
fig lOb. 
Once again, part of the field is clear due to masking by the different 
mirror surfaces . The clear portion of the field is off centre, 
illustrating the effect of a misalignment of the two mirrors. Ideally, 
the axis defined by the aperture of the spherical mirror should pass 
through the centre of , and lie no rmal to the plane mirror. 
Fig 10a Ray diagram 
Fig lOb Patterns observed using a concave spherical mirror 
and smaller plane mirror as ZP2. 
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7.5 Repeatability of setting 
In order to relocate the interferometer probe at the position defined 
by ZP2' the interference pattern must be monitored. Initially, a visual 
assessment was made by an observer viewing the patterns projected on a 
screen or relayed by closed circuit television. A more objective 
interpretation was obtained by measuring the light flux in the patterns 
with a photocell and meter. 
In most of the interferometer designs considered so far, the 
sensitivity to transverse displacement has been more than adequate. It 
was with a view to improving the axial displacement sensitivity that 
different methods of measuring the light flux in the patterns were 
investigated. 
The precision of setting could be increased by comparing the patterns 
in the different sectors of a field over which an additional phase 
increment had been introduced. One method of producing the phase 
increment was to expose separate areas of ZP 3 by placing masks in the 
beam ahead of ZP 3. Between exposures an axial displacement of ZP 2. was 
introduced to produce the required phase change. Another method relied 
on a thin glass plate placed in the beam to cover sectors of the field 
and produce the optical effect of an axial shift. 
The axial shift was of the order of 350 Jlm for the patterns employed 
for visual assessment and of the order of 30 Jlm for the patterns 
employed for photometric assessment. Various combinations of divided 
fields shown in fig 11 were investigated. The relative levels of 
illumination for photoelectric detection at and around the null setting 
are indicated schematically. 
The interferometer used in these trials utilized a collimated reference 
beam reflected in the zero order of diffraction at ZP 2. This was. shown 
in example vi) of section 7.4. The NA subtended by ZP2 was 0.1 and the 
illumination wavelength was 0.6328 pm. 
As will be seen, particularly apparent with the symmetrically divided 
fields, the figure.s for repeatability of setting in the y-axis show a 
greater uncertainty than the figures for setting in the x-axis. This 
was thought to be due to the greater uncertainty in measuring the true 
displacement of ZP2 imparted by the y-motion, which was stacked on top 
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- flz Null +6z 
i ) 
i i) () 
i ii ) 
iv) 
V) o 
Key to illumination levels 
~ = dark = medium D = bright 
Fig 11 Various configurations of·field division for photodetection. 
The relative levels of illumination at the null setting 
and for a small axial shift are shown schematically. 
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of the x-axis sl1deway. This reflects the problem that occurs with 
three-axis measuring machines. The errors in a stacked arrangement of 
sl1deways compound and it is not usually possible to deduce the effect 
in three coordinates of the motion by measuring the linear 
displacements of the slideways. 
7.5.1 Visual assessment of the patterns 
1) Simple whole field. It is standard practice in interferometry to 
assess the focus position of a spherical wavefront by introducing tilt 
fringes in the field. By adjusting the relative axial position of the 
reference and the test wavefront, the tilt fringes move from being 
curved to straight, and then to curved in the opposite sense. 
This method was employed for the axial setting of the position location 
interferometer. The patterns were relayed to the observer using a 
television camera and monitor. The results of repeated settings with 
various degrees of tilt present are listed. 
Number of tilt 
fringes over 
aperture radius 
o 
0.5 
1 
2 
3 
(fluffed out field) 
Repeatability of 
axial setting in pm. 
3.,.l1mit of 15 trials. 
B.8 
5.4 
5. 1 
4.6 
4.9 
As expected, the precision of setting was improved by the presence of a 
few tilt fringes. The repeatabllity of setting at the fluffed out 
.fringe position was surprisingly good considering 63 Ilm of axial 
movement was required to introduce one ring fringe in the field. 
ii) Double superimposed field. Here, ZP 2 was exposed twice with an 
axial shift between exposures. The result was two superimposed patterns 
of ring fringes, each of which fluffed out for a different axial 
position. The setting was made by observing the moire beat between the 
two and defining a null setting at for example, the position where the 
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maximum contrast occurred in the pattern at the edge of the field. 
The 36 limit for resetting in the axial direction was measured to be 
3.6 ~m. However the null position was difficult to describe objectively 
and repeat with another observer. 
11i) Adjacent sem1fields. As with li), ZP 3 was exposed twice with an 
axial shift of ZP2 between exposures. However, alternate halves of the 
field were masked during the exposures. ZP 3 was processed and replaced, 
producing two patterns of half rings. The null setting was defined as 
midway between the exposure positions where approximately three rings 
were visible.- The setting was made by adjusting until equal radii rings 
appeared in both fields. 
Transverse adjustment was by centring the patterns in the field. This 
was relatively easy to achieve in one direction by aligning the ring 
sections at the field division, as they moved in opposite directions. 
The orthogonal transverse adjustment was more difficult as it required 
an assessment of the concentricity of the ring patterns. 36 limits in 
pm for the repeatability of setting were, 
z axis adjustment only, 
x,y and z adjustment, 
x adjustment only, 
z repeatability 
z 
x 
5.8 
6.2 
0.22 
iv) Quadrant field. As 11i) but with the field divided in quarters, 
giving two orthogonal field divisions and ease of assessing x and y 
displacements. 36 limits in pm were observed as follows. 
z axis adjustment only 
x, y and z adjustment 
ditto 
7.5.2 Photometric setting 
z repeatabil1ty 
z 
x 
4.8 
7.3 
0.4 
In order to make a more objective measurement of the null setting, the 
levels of light flux in the field sectors were measured. The fringe 
patterns were observed until the null position was approached. The 
final setting was made using a bisplit, quadrant or annular photocell 
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and meter. Reference is made to fig 11 for the geometry and relative 
intensity levels in the field sectors. 
i) Whole field uniformly dark at null. This enables photodetection to 
take place around the null position with a single photodetector. 36" 
limits in pm for 15 settings were as follows. 
z axis adjustment only 
x and z axis adjustment 
x axis adjustment only 
z repeatability 3.9 
z 
x 
5. 1 
0.25 
The sensitivity to displacement, which incidentally is at a minimum at 
the null setting, is adequate for transverse displacements. The axial 
setting sensitivity leaves room for improvement in order to meet the 
target. Fig 12 shows a comparison between the calculated variation of 
light flux with displacement and that measured with a single 
photodete.ctor. The depth 0 f modulation is reduced in practice by the 
unequal beam ratios and stray light at ZP 3. 
Axiol dispIQc~m~nt _ 
1 
Flux inte-groted 
over apPrtufe 
IIOOJ.!m I 
Thl"orelicol curvp for NA=O.09 
Axial displace-ment-
Dark level 
Recordeod curves 
, 
Transverse disploc~ent _ 
Fig 12 Photodetector output for axial and transverse displacements 
compared to the theoretical curve. The flux is integrated 
over the whole of the undivided field. 
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Fig l3 Chart recordings of the variation of photodetector 
signal (volts) with z-axis displacement (~) in 
the presence of various x-axis displacements. 
The flux is integrated over the whole field. 
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Fig 14 Chart recordings of the variation of photodetector 
signal (volts) with x-axis displacement (pm) 
in the presence of various z-axis displacements. 
The flux is integrated over the whole field. 
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Fig 15 Chart recordings of the variation of photodetector 
signal (volts) with x-axis displacement (pm) 
in the presence of various y-axis displacements. 
The flux is integrated over the whole field. 
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Obviously a change in the measured flux could be introduced either by a 
transverse or-axial displacement. Setting in one axis with a position 
error in the other axis leads to apparent shifts in the null position. 
For example, in the presence of 0.5 pm of transverse displacement from 
the true null position, the minimum flux setting was achieved with a 
2 pm displacement in the axial direction. Figs 13 to 15 show chart 
recordings of the photodetector outputs for axial and transverse 
displacement scans in the presence of displacements in one of the other 
directions. 
ii) Field divided in two semicircular areas. This can be produced by 
placing a thin parallel glass plate such as a microscope cover glass 
before a ZP3 component fabricated for a simple whole field. The glass 
plate covers one half of the field, producing a phase shift over this 
region. Alternatively, the double exposure technique can be used as 
before. One half of the field is uniformly dark at each of two axially 
separated positions. At the null setting both halves show a bright ring 
fringe overlapping the perimeter. This method gives a good increase in 
axial sensitivity and an indication of displacement direction. It does 
not, however, give similar signals for orthogonal transverse 
displacements. Detection is with a quadrant or bi-split photocell. 
Cover glass method - 3d values for repeatability, in pm. 
x axis 
y axis 
z axis 
1.2 
2. 1 
11. 5 
Double exposure method - 36 values for repeatability, in pm, 
adjusting z axis only 
adjusting x y and z 
z axis 
z axis 
0.5 
3.2 
It was found that the axial position defined by the minimum signal from 
the photocell depended a lot more on the transverse displacement than 
was the case for the simple whole field-arrangement in i). For example, 
1 pm of displacement in a transverse direction that was perpendicular 
to the field division meant a 30 pm axial shift had to be introduced to 
achieve the null setting of a minimum signal from the photocell. 
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The calculated and measured values of integrated flux are plotted 
against axial displacement in fig 16. 
I Diff.r.nce of flu.x integratM over two semifiltlds 
Theor.tical curve 
z-Motion ___ _ 
Dark ~1.'!"ve~I--+_-_t___:_-7'"'<:__--
Recorded curve 
Fig 16 Photodetector output for axial displacement, compared to 
the theoretical curve. The difference between the integrated 
flux for the two semi-fields is plotted. 
iii) Quadrant divided field. This is similar to ii), but the field is 
divided into pairs of diagonally opposite quadrants that became 
uniformly dark at different axial settings. Compared to 11), similar 
signals are obtained for orthogonal transverse displacements, in the 
directions of the paired quadrants. 
The field division was achieved by placing a mask before ZP 3 and 
rotating it go degrees between the two exposures. This geometry gave a 
longer perimeter to the adjacent sectors and it was found to be more 
difficult to achieve a neat division to the field sectors without 
overlap or areas of underexposure. 
Although an axial resolution of 0.3 pm was observed the 30$" limit for 
resetting in the direction of the z-axis was measured to be 3.9 pm. 
iv) Annular divided field. This field could be produced with a thin 
glass plate with a central hole placed before ZP 3' or by masking ZP 3 
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and making a double exposure with an axial shift. 
In one arrangement, the null setting used a uniformly dark centre 
field, surrounded by a brighter outer region. This gave adequate 
sensitivity even though this part of the field corresponded to a 
reduced NA. The axial setting could then be made by retaining the dark 
centre and setting on a predefined intensity difference between the 
centre and outer fields. Another method was to make the axial setting 
when the inner and outer regions transmitted equal flux. 
36 values in ~ for repeatabilty were as follows. 
Glass plate method. 
Using central 7 mm of 12 mm aperture 
Setting in x-axis 
Setting in x and y 
Using whole aperture and equalizing the 
·flux in both sectors for the z-setting 
Setting in x,y and z axis 
Double exposure method 
Setting with dark field at centre 
x-axis 
x-axis 
0.55 
0.46 
y-axis 0.70 
x-axis 0.63 
y-axis 0.99 
z-axis 1.50 
z-axis 1 . 15 
Setting by equalizing the flux in both sectors 
z-axis 0.88 
v) Temporal division. Not shown in the diagram. The phase of the entire 
field is varied in time, and was achieved in practice by placing a 
glass plate rotating in its own plane in the beam before ZP 3. The 
method was marred by mechanical vibration. 
7.6 Setting using phase sensitive detection 
The principle and merits of phase sensitive detection (psd) methods 
have already been discussed. The modulation of optical path difference 
in the zone plate interferometer can be achieved by modulating the 
position of one of the components. One method is to attach the 
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component to a piezoelectric crystal to which a modulated voltage is 
applied. The displacements achieved this way are typically measured in 
microns for hWldreds of volts applied. For larger displacements at 
lower voltages the component may be attached to the moving coil motion 
of a small loudspeaker, but the displacement is less repeatable. 
Before operating the phase sensitive detector, the interferometer 
system is adjusted so that the probe is close to the position defined 
by ZP 2. If the total light transmitted by the system at ZP 3 is 
monitored using a photocell and amplifier, the voltage output can be 
displayed on an oscilloscope. The position of ZP 1 or ZP 2 is then 
modulated in the direction of the optical axis, such that the optical 
path changes introduced to the system cause the total light transmitted 
to fluctuate at twice the position modulation frequency .. 
Alternate peaks of the displayed trace are generally of· different 
heights. The relative position of the probe and ZP 2 can then be 
adjusted such that the position modulation is by equal amounts either 
side of the null. The ripple on the AC signal disappears and this 
setting can be detected by a .phase sensitive circuit that gives a DC 
signal on the oscilloscope, displayed beneath the double frequency. 
In the laboratory trials ZP 1 was a zone plate formed in photoresist on 
an optically worked glass blank of diameter 15 mm and thickness 4 mm. 
This was mounted on the piezoelectric crystal which was in the form of 
a tube 20 mm long and 15 mm in diameter. The axis of illumination 
passed along the centre of the tube. 
ZP 2 was a zone plate formed on a glass blank 50 mm square and 6 mm 
thick. This was mounted on the cone of a small "tweeter" loudspeaker. 
Mounting both components this way enabled a comparison of displacement 
methods to be carried out without disturbing the optical system unduly. 
No attempt was made to modulate the pOSition of ZP 3 as a similar effect 
could be achieved by modulating ZP 1. ZP 3 was a component that was 
changed frequently to suit different experiments while ZP 1 and ZP 2 
could be held in place more permanently. As ZP2 operates in reflection, 
a larger optical path difference resulted from a given displacement, 
compared with a displacement of ZP 1. 
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7.6.1 Optical path modulation using a piezoelectric crystal 
The piezoelectric tube changed in length when a high voltage was 
applied between the inner and outer faces of the tube. These changes 
were measured with a Tesa gauge and found to be typically 1}lm per kV 
applied. This was with a DC voltage, but the expansion was less, due to 
hysteresis effects, when an AC voltage was applied. When driving from a 
2 kV source typical amplitudes were 
Frequency (Hz) 
0.4 
0.8 
1 
5 
Amplitude ( )JIIl) 
1. 8 
1.7 
1.6 
O. 1 
The modulation frequency needed to be at least 100 Hz for successful 
phase sensitive detection with the existing equipment. A displacement 
of 50}lm or more was required to give a meaningful signal requiring 
high voltages and the associated hazards. This was not achieved and the 
loudspeaker modulation principle was investigated. 
7.6.2 Optical path modulation using a moving coil motion 
ZP2 was mounted on the cone of a small loudspeaker. It was difficult to 
measure the displacement of the speaker cone with a Tesa probe, as the 
probe resistance affected the cone position. However, the cone motion 
could be monitored by measuring the total light transmitted by ZP3. The 
system was adjusted to the null setting, when the field at ZP3 was at a 
dark minimum. Known displacements of ZP2 were then made manually using 
the z-axis slide supporting the loudspeaker assembly. The flux at ZP3 
was measured with the photocell, and the position of ZP2 noted. 
ZP 2 was then returned to the null position by manual adjustment, and 
then further displaced by applying known DC voltages to the 
loudspeaker. The photodetector output 'was then measured to give an 
estimate of the position of ZP2• 
In operating the phase sensitive detection principle it was found that 
small transverse displacements, of the order of 1 pm, greatly affected 
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the double frequency signal. In order to reduce the ratio of 
sensitivity in the transverse and axial directions an annular region of 
field at ZP 3 was used. The centre 3.5 mm diameter field was masked, 
leaving an annular region of 8 mm overall diameter. This had little 
effect on the basic axial sensitivity, the latter effect being 
proportional to the square of the numerical aperture. 
As expected, the loudspeaker and zone plate combination exhibited 
resonant frequencies that were not present with the loudspeaker alone. 
The extra inertia in the system also led to a marked reduction of 
displacement amplitude with increasing drive frequency. 
z = - 50 J.lm 
T: fT 
~
......................... 
·A~AA 
,,,"'Yl V V " 
i . : ; i ; . 
I ., I . 
null z = + 50 )lID 
Fig 11 Typical oscilloscope displays during phase sensitive detection, 
corresponding to three nominal positions of ZP2• 
Top trace - loudspeaker drive. Vertical scale 5 v per square. 
Bottom trace - detector signal. Vertical scale 2 v per square. 
Horizontal scale 5 ms per square. 
Photographs of the typical oscilloscope displays are shown in fig 11. 
The loudspeaker drive frequency was approximately 40 Hz and the 
amplitude of displacement estimated ~o be approximately :!: 40 )Im. The 
loudspeaker assembly was displaced axially by manual adjustment of the 
slide by 50 J.lm either side of the known null position. The centre trace 
corresponds to the null setting, the others to the manually displaced 
setting. After making each axial displacement, a small transverse 
adjustment was also made. 
The three traces correspond to positions on the shoulder, valley and 
opposi te shoulder of the graph showing axial displacement versus 
transmitted flux in fig 12. By making repeated settings in the 
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z-direction, and detecting the double frequency signal with a phase 
sensitive detector, the repeatability of setting was found to have a 36 
deviation of 1.8 pm (10 settings). 
A resolution of axial displacement of less than 1 pm, was observed, but 
errors in making repeated settings were due to the instabilities in the 
motion of the loudspeaker cone eg distortion of the cardboard cone, 
leading to movement of the mean "position as defined in three 
dimensions. 
7.7 Computer analysis of the patterns 
This work was performed by D R Robinson of NPL. Analysis of the 
patterns produced by the three-dimensional position location 
interferometer was one of the applications studied during the 
development of an automatic pattern analysis system (4). The system 
used a Gresham Lion Supervisor 214 - frame store with a DEC PDP 
11i34 - A minicomputer as a host processor and a TV digitizer for data 
input. The frame store consisted of two image pages, each containing 
512 x 512 x 8 bits of RAM plus a graphics overlay and a hardware 
cursor. 
The technique is summarized as an iterative scheme to find the best 
fitting circular vector for anyone fringe in the field of view. This 
is followed by a radial average of the pattern about the centre of the 
circular fringes, to increase the signal to noise ratio of the final 
one dimensional fringe pattern. Finally, a least squares fit of the 
fringe spacing against position is performed which leads directly to 
values of the displacement of the sources of the wave fronts that form 
the interference pattern. 
A large batch of computer generated patterns was amongst those used to 
test the method. These patterns were free of optical noise that would 
-be encountered in reality. The inherent uncertainty, determined as the 
standard deviation (6) for 50 data sets, was as follows. 
For values of Az from 0 to 600 pm = 2.4 pm 
For values of 6x, AY, from 0 to 50 pm = 0.2 pm 
The "time to analyse the pattern is of the order of 45 to go seconds. 
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Obviously with the amount of electronic equipment needed, this is not 
at present a practical and portable means of interpreting patterns 
produced during trials with three-axis measuring machines. However it 
does demonstrate the feasibility of automatic pattern analysis. 
7.8 The effect of tilt at zone plate ZPz 
_fz 
• R • I 
ye 
ZP3 
29fz 
Fig 18 The effect of tilt at ZP2 
The change from a dark null field to a bright null field has already 
been shown in example iv), section 7.4. Consider the system shown in 
fig 18. At ZP 3 the two incident wavefronts are combined to produce 
superposed focus sed spots with an established phase relationship. When 
the spots are superposed, the wavefronts are coincident and the uniform 
null field is obtained in the resulting interference pattern. 
If a tilt of e occurs at ZP 2' the spot produced by the first diffracted 
order at ZP 2 is translated by (2 eR) where R is the effective radius of 
curvature of ZP 2. The collimated beam from ZP 2 is reflected through 2 e 
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by ZP 2 and is focussed by ZP 3 to a position that is displaced by 
(2 e fz) where fz is the focal length of ZP 3. Thus a transverse 
correction of 2 e(R - fz) must be made to superpose the two spots. This 
is achieved by displacing ZP 2 transversely by - e (R - fz). Now, there 
is a position within the system at a distance x from ZP 2 that has 
undergone a net displacement of e (x - R + fz). When x = (R - fz), the 
net displacement is zero. This position is invariant with tilt and lies 
on ZP 3. 
The two images are then superposed, but as the relative optical paths 
for the two wavefronts has altered, the phase of the images has changed 
and the intensity of ~he "fluffed out" field will generally be 
different to the previous condition. In one trial with a zone plate· ZP2 
where R = 225 mm and fz = 66 mm, a phase change of' 1\' could be 
introduced by tilting ZP2 by 0.3 mrad. 
7.9 The efficiency ·of the optical system 
Typical optical efficiencies were as follows. An example of the first 
zone plate ZP 1, formed in photographic emulsion, diffracted 15% of the 
incident illumination into each of the two first orders. Approximately 
50% of the incident illumination remained in the zero order. An example 
of the second zone plate ZP 2' was formed in photoresist material and 
coated with a thin layer of aluminium. 20% of the incident light was 
diffracted in the first order and 55% reflected in the zero order. The 
third zone plate ZP 3, formed as an amplitude recording in photographic 
emulsion, was less efficient than ZP 1. This was due to the intensity 
ratios of the recording wavefronts being less than optimum. An overall 
transmission density of 0.3D was typical with about 5% of the 
illumination being diffracted in the first order. The latter figure 
could be raised to 12% by bleaching the emulsion. 
About 50% of the illumination was lost at the beam cleaning and 
collimating stage in the laboratory rig. A similar amount was lost 
during the optical fibre launch and transmission stages where this 
applied. The cube beam divider was typically 20% efficient for the 
round trip. Both polarizing and non-polarizing dividers were 
experimented with. Overall, using a laser with an output of 10 mW, 1 IlW 
was measured at the photodetector plane. 
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7.10 Chapter summary 
The most practical wavefront configuration for the position location 
interferometer used two orders of diffraction at ZP 2 as described in 
example vi) of section 7.4.6. This provided a constant geometry 
reference wave front and was suited to the location of points defined in 
three-dimensional space. 
Investigation into several methods of dividing the field and making the 
null setting showed the most reliable method was to use single 
photocell detection, of the minimum in transmitted flux that occurred 
with the simple whole field. This did not require the precision of 
setting in all three axes necessary with the other methods. 35 values 
for the repeatabllity of setting in one axis were found to be 0.25)lm 
in the transverse direction and 4 pm in the axial direction. 
References to Chapter 7 
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Chapter 8 
TRIALS WITH THREE-COORDINATE MACHINES 
Having established the most practical arrangement of optical wavefronts 
for a three-dimensional position lccation interferometer, a prototype 
probe was built. Positioning demonstrations were performed in the 
laboratory using a large three-axis slide capable of x and y 
displacements up to 225 mm and z displacements up to 200 mm. 
A better engineered probe was then used to assess the practical 
performance of the position location system and to gain experience in 
metrology with three-coordinate machines in a series of field trials. A 
smaller probe of more advanced design was later produced by the 
Engineering Services section at NPL. 
The results of the field trials are listed here and give a measure of 
"the relative performances of the different measuring" machines. The 
method of interpreting the results and expressing the machine 
performance in vector directions is due to Dr M C Hutley. 
8.1 The prototype probe 
This was put together as a "breadboard" arrangement on a steel plate, 
to enable the components to be interchanged at a later date if 
necessary. 
Three main groups of components in the probe, shown in fig 1, are 
i) the illuminating source 
ii) the interferometer components 
iii) the photodetection components 
Some early experiments were conducted in which the illuminating source 
was mounted on the bed of the machine, and the probe was mounted on the 
machine quill. The source was a helium-neon laser and the beam was 
expanded, collimated and reflected along paths" parallel to the axes of 
motion of the quill. 
This arrangement enabled the source to be posi tioned away from the 
quill and was intended to allow the illumination to follow the motion 
CCO a 
150 x 120 
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of the probe. However, it was troubled by beam wander due to machine 
motion errors and poor beam alignment. 
It was better to transmit the illumination to the probe via a flexible 
optical fibre. Single mode fibre was chosen in order to maintain 
maximum contrast in the interference pattern. The numerical aperture 
subtended by the wave fronts leaving the fibre was insufficient to allow 
full illumination of the interferometer aperture. The NA was 
effectively doubled by placing a lens of power -400 in the beam after 
the fibre. 
The wavefront configuration was that established in Chapter 5 as being 
most practical for locating an array of positions in three dimensions. 
The source of illumination, that is the virtual image of the optical 
fibre tip produced by the diverging lens, was placed at the focal 
position of the first zone plate. This produced a collimated beam in 
the first order of. diffraction as well as the directly transmitted 
diverging beam. 
The beam dividing zone plate. was attached to a hollow metal cube 
containing the beam dividing cube. The beam combining zone plate was 
at tached to another face of the metal cube and was kinematically 
located using spring tabs and small bearing balls. The beam dividing 
cube was assembled from two right-angle prisms made from crown glass 
and of side length 25 mm. Before assembly, the hypotenuse of one prism 
was coated with a reflecting layer of zinc sulphide. Antireflection 
layers of magnesium fluoride were applied to the external faces of the 
cube. The wavefronts leaving the assembly were then amplitude divided 
using a 12 mm cube beam divider. Requisite pairs of wavefronts were 
selected by spatial filtration at small apertures placed at the foci of 
the transmitted and reflected wavefronts. 
The interference pattern produced by the transmitted wavefronts was 
detected by a charge coupled device (CCO) type MA328 manufactured by 
GEC. This was an area array of 150 by 120 elements. The reflected 
wavefronts illUminated a quadrant photocell type VDT Pin Spot 40. 
The sum and difference outputs from the photodetector segments were 
amplified and displayed on analogue meters. The difference signal 
enabled split field configurations to be detected. The intensity 
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distribution at the CCD array was relayed to the operator via closed 
circuit television. 
Positioning demonstrations and trials were then carried out in the 
laboratory using a large three-axis slideway to position the probe 
relative to an optical space 
two-axis table built by the 
frame. The sl1deway was originally a 
Coventry Gauge and Tool Company. It 
consisted of two orthogonal motions, each running on crossed roller 
bearings and giving 225 mm travel in the horizontal plane. A third axis 
was achieved by adding a linear slide manufactured by Time and 
Precision Ltd, replaced later by a higher quality slide manufactured by 
Micro-Controle of France. This was mounted on an overhanging pillar and 
gave 200mm of vertical motion. All axes were stepper motor driven under 
programmable control, with a displacement resolution of 5 pm . 
Fig 2 Laboratory rig for positioning demonstrations. The 
two-axis table with overhanging pillar carrying the 
early third-axis motion is shown. The split-field 
interference pattern is visible on the television monitor. 
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8.2 Field trials 
In order to assess the performance of the position location system and 
to gain experience in metrology with three-coordinate machines, a 
series of field trials was conducted. These involved a range of 
measuring machines in different government establishments, listed as 
follows. The manufacturer's names are shown in brackets. 
1) 
2) 
3) 
4) 
-5) 
Measuring machine Location 
Triopt1c (Societe Genevoise-SIP) NPL 
Trioptic (SIP) NEL 
Talycheck (RTH/Renault ) NEL 
Hydracord (Ferranti) NEL 
CUPE machine QAD Woolwich 
NPL = National Physical Laboratory 
NEL = National Engineering Laboratory 
QAD = Quality Assurance Directorate 
CUPE = Cranfield Unit for Precision Engineering 
The probe used here was the better engineered version, tailor made for 
the final configuration, and with the components rigidly held in 
position. A standard helium-neon laser that was commercially available 
was used to illuminate the probe, via a single mode optical fibre as 
shown in fig 3. The interference pattern produced by the probe was 
relayed via a spatially coherent bundle of optical fibres to a closed 
circuit television camera and monitor. The integrated intensity over 
the pattern was measured at the probe with a PIN spot photocell, 
connected to a remote amplifier and meter display. 
A three-dimensional array of posi tions was defined wi thin a volume 
240 x 240 x 150 mm by a two-dimensional array of zone plates formed on 
a flat substrate, size 600 x 600 x 15 mm. "Zerodur", a low expansion 
ceramic was chosen for the substrate material (1,2). As well as being 
dimensionally stable, a ceramic material would shatter rather than bend 
slightly if roughly handled. This would give a clear indication that 
the zone plate array had been distortedl 
In each trial, the array was placed on the machine table and the 
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Fig 3 The NPL optioal system for the verifioation of 
three-axis measuring machines 
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optical probe placed in the machine quill. The probe was moved to a 
position defined by the array, and the null setting obtained while 
observing the interference pattern on the monitor screen in conjunction 
with the meter reading of the total light intensity. The machine scale 
readings were recorded and the process repeated for each position in 
the array. 
Fig 4 shows the prototype interferometer system in use on a Trioptic 
measuring machine at NPL. The operator is adjusting the vertical 
position of the machine quill carrying the optical probe, while 
observing the interference pattern displayed on a· closed circuit 
television monitor. 
8.3 Measurement sequence (-1) 
Two sequences of measurement were adopted. In the. first, after each 
setting, the machine was moved away from the test position in the x, y 
and z directions and then the setting was repeated. This had the 
advantage that any long term drift did not affect the repeatability of 
consecutive settings on .one position. In the second sequence, each 
set ting was performed once for each position in the array, and then 
repeated for the whole array. This had the advantage that each point 
was approached afresh without any conscious knowledge by the operator 
of the previous setting and with large movements of the machine 
allowing full take up of backlash etc. 
Table 8.1 summarizes the repeatabil1ty of setting on the array of 
positions defined by the zone pla te array. The figures represent the 
difference in ~ in the x, y and z coordinates of two settings on each 
point, averaged for all points on the array. Some of the variation in 
this average value with different machines is assumed to be due to 
uncertainties associated with those machines. 
(-1) Sections 8.3 and 8.4 are derived from an NPL internal report (3) 
- 162 -
Fig 4 The interferometer system in use at NPL on a "Trioptic" 
measuring machine. The operator is adjusting the vertical 
axis of the machine while observing the corresponding 
pattern of rings displayed on the television monitor. 
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8.4 Distance calculations 
When using three-axis machines to measure engineering components, the 
absolute values of the cartesian coordinates of points on the component 
are of lit tIe value. Of more value are the distances between defined 
points. Now the error of measured coordinates of a point in space is a 
vector 
r = (Ax + Ay + Az) where 2 y + [8. 1 ] 
Irl is shown in brackets for each machine listed in table 8.1. 
At worst,. the errors in measuring two points which define a length 
could both be aligned along that length and in opposing directions so 
that the two errors add. At best they could cancel. It is likely that 
the uncertainty in measuring a length defined by two points of which 
the positional uncertainty is t. r, is.J2 t:,.r, shown at the bottom of 
table 8. 1. Any discrepancies in length which are substantially in 
excess of J2 A r will be interpreted as genuine "machine errors". 
The array of n points may be used to define distances between any two 
points. The first point can be chosen in n ways and the second in (n-l) 
ways, leading to n(n-l) combinations of pairs of points. Omitting 
duplicated distances, the number of distances defined by the array is 
n(n-l) 
2 [8.2] 
The zone plate array defined twelve pOints, four points each of heights 
of 225, 162, and 75 mm above the plate, and thus defined 66 distances. 
In order to interpret the results and gain some insight into the 
behaviour of the measuring machine under test, the zone plate array was 
arranged such that some distances were nominally parallel to the 
machine axes. Some are diagonally arranged to include varying 
components of probe displacement. 
To simplify the data to a manageable and understandable form, the HMS 
deviation from the mean value for all measurements on a given machine 
were grouped as follows according to the number of dimensions involved. 
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One dimensional Two dimensional Three dimensional 
x, Y XY, XZ, YZ XYZ 
8.5 Results 
Table 8.2 shows the HMS deviation from the mean of all measurements 
,taken in these trials. The results of each machine trial are shown 
individually and the deviations are categorized according to the 
direction of measurement. The values of uncertainty of setting in each 
coordinate direction and the estimated uncertainty in the 
three-dimensional measurement of distance is shown at the bottom of the 
table. 
These results are summarised in table 8.3 which shows the mean values 
for all runs. In principal, the performance of the machine is 
characterized by seven numbers. Owing to the distribution of pOints 
defined by the zone plate array, it was not possible to define a 
distance purely in the z-direction. No more than six numbers have been 
determined in this case. 
,It is interesting to note that it is the figures in the first two, 
ideally three, columns that are -in effect quoted by the machine 
manufacturers. It is the figures in the other columns, particularly the 
last, which are most relevant to· the machine in normal use. The fact 
that these figures are significantly greater than the 
figures is an indication of the extent to which 
single axis 
the machine 
specification can mislead the customer. It should be remembered however 
that the figures represent deviations from an arbitary mean and not 
deviations from an accepted value. 
Table 8.4 shows results where one-, two- and three-dimensional 
measurements have been grouped together and the average RMS deviations 
calculated for each combination of measuring machine. If the array of 
points were calibrated, this would indicate an overall RMS error when 
applied to one machine. A better summary of the performance of a 
machine and its overall quality is provided by table 8.3. 
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Measuring machines Coordinate directions 
machine type location x y z 
number 
1 Trioptic NPL 0.7 0.6 11.7 
( IFI = 4.8) 
2 LK n 15.5 3.7 13.8 
(lFI = 21.1) 
3 Trioptic NEL 0.75 1.0 6.2 
(lFI = 6.3) 
11 Talycheck n 1 1.8 4.8 
( IFI = 5.3) 
5 Hydracord n 3.4 2.5 7.8 
W·I = 8.8) 
6 QAD/CUPE Woolwich 1.3 1.5 6.6 
(!i'1 = 6.9) 
Mean of all results 1 1.2 5.5 
( Irl = 6) 
fiAr 8.5 
Table 8.1 The repeatability of setting on a given point for various 
machines. The figures represent the difference in pm in the 
the x, y, z coordinates of two settings on the same point, 
averaged for all points in the array. 
The likely uncertainty in the distance between two points 
of which the positional uncertainty isAr, is J2Ar. 
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machine vector direction 
number x Y z xy yz xz xyz 
1 0.3 1.3 1.3 5 4.6 4.5 
0.8 0.8 1.3 5 3 4 
(plate rotated 1.7 2.5 1.9 14.5 14.5 12 
180°) 1.2 1.8 1.9 14 15.5 11 
2 1.5 4.3 3.7 10.8 8.6 11.5 
3.8 3.3 4.4 14.2 12.6 12.2 
3 2 7.3 1.8 5.2 6.8 3.5 
0.5 4.3 2.3 4.2 3.2 3.6 
4 5.6 4.5 5.9 9.3 10.8 8.8 
4.7 6.2 5.6 9.2 . 6.9 8.5 
5 11. 5 3.3 12.5 10.7 17.2 18.5 
1. 1 4.2 3.6 5.3 12.2 11.2 
5.8 12.2 9.2 9.0 13.3 14.2 
3.8 3.3 3.5 11.0 . 10.5 9.2 
2.7 4.0 2.7 7.3 8. 3 8.5 
8.7 5.5 8.9 17.6 16.2 19. 1 
5. 1 1. 4 5.7 13.0 12.0 14.6 
5.3 6.8 14.2 21.4 24.7 (75.1) 
7.6 1.5 4. 1 12.3 11. 5 10.9 
2 3.4 7.3 (45.7) (52) 34 
6 6.5 3 6 8 9.5 7.5 
3.7 3 4.5 7.5 9 7 
5.5 3 4.5 8 9 7 
6xo:Ay"" 1.2 J.lm /:;zo< 5.5 pm Al'" 8. 5 J.lM 
Table 8.2 Each line represents the data from a single run. Each 
figure is the HMS deviation in ).lm from the weighted 
mean values for all measurements of the type listed 
a t the head of the column (eg x only I y only ete) . 
machine 
number 
2 
3 
4 
5 
6 
x 
1.0 
2.6 
1.2 
5.2 
5.4 
5.2 
Y 
1.6 
3.8 
5.8 
5.3 
4.6 
3 
I-"'T"f-
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vector direction 
Z XY YZ xz XYZ 
1.6 9.6 9.4 7.9 
4.0 12.5 10.6 11.8 
2.0 4.7 5.0 3.5 
5.8 9.2 8.9 8.7 
6.7 11. 9 14 14.6 
5 7.8 9. 1 7.2 
Table 8.3 HMS deviations from weighted mean values expressed in pm. 
These figures are the means of ' the various runs listed in 
table 8.2. 
• 
machine 
number 
1 
2 
3 
4 
• 5 
6 
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number of dimensions 
1 2 
1. 3 7.2 
2.2 9 
2.3 4 
5.3 8 
5 11 
4. 1 7.3 
• omitting worst results bracketed in table 8.2. 
3 
7.8 
11.8 
3.5 
8.7 
14.6 
7.2 
Table 8.4 The HMS deviations from the weighted mean values 
for one-, two- and three-dimensional measurements 
for various combinations of machine and system. 
Un its are )lID • 
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8.6 Chapter summary 
Prototype optical probes were assembled, containing zone plates, beam 
dividing and pattern detecting components. An engineered probe was used 
in conjunction with an optical space frame defining 12 positions, to 
gain experience with three-coordinate machines in several Government 
owned establishments. 
By analysing the measurements of distances defined by the space frame, 
in groups of vector directions, figures describing the performance of 
the optical system and the measuring machines were derived. 
A value for the repeatability of setting on a given point, averaged for 
all array points and all machines, was calculated to be 1 j1ID in the 
transverse direction and 6 pm in the axial (vertical) direction. 
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Chapter 9 
A ZONE PLATE INTERFEROMETER FOR POINTING 
The idea for this instrument arose during the development of the 
interferometer for locating positions in three dimensions. One way of 
increasing the displacement sensitivity of that interferometer would 
have been to use optical components and wavefronts of larger numerical 
aperture ie NA > 0.1. However, difficulties were envisaged in 
fabricating a two-dimensional array of large aperture zone plates, 
particularly if closely defined positions were required. Therefore, the 
possibility of using alignment techniques to define a unique position 
was considered (1). 
Optical instruments used in alignment include the autocollimator and 
alignment telescope. These require an observer to align the image of a 
graticule or point source, with a fiducial mark in the field of view. 
The accuracy of alignment depends on the repeatability of setting on a 
predefined feature of the finite sized image, which may also be 
unevenly illuminated. Interferometers are also used in alignment and 
operate by forming a pattern of bands that reveal the phase 
distribution over the alignment wavefront. 
Inverting interferometers for pointing on coherent sources have been 
reported whereby an incident wavefront is divided into two wavefronts 
which are then mutually inverted and superimposed to produce an 
interference pattern. These interferometers require an element of 
glassworking expertise in manufacture, to produce focussing and 
partially reflecting surfaces. One device requires considerable 
temporal coherence in the source because of the large optical path 
difference between the direct and inverted wavefronts (2). 
The holographically-formed interferometer described here operates by 
diffraction and is simple, lightweight and relatively easy to 
manufacture, particularly in large numbers. The null setting is well 
defined by a unif?rmly dark field and offset measurement requires the 
interpretation of a pattern of uniformly spaced straight bands. Both 
wavefront interference and moire pattern analysis are used to derive 
similar expressions for the spacing of the bands. 
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9.1 The pOinting interferometer 
The diffracting pointing interferometer is shown schematically in 
fig la. An incident, and possibly asymmetrical, wave front W is divided 
using a zone plate ZP1' The converging first order diffracted component 
is focussed and inverted with respect to the undeviated zero order 
component. A second zone plate ZP2, is recorded as a photographic copy 
of the interference pattern that exists between the mutually inverted 
wavefronts, processed and replaced. The form of one transmitted 
wave front is then made similar to that of the other wave front by 
diffraction at this zone plate. Under these conditions, the 
holographically controlled wave fronts will interfere to produce a 
uniform intensity distribution (3,4). 
An axis of symmetry passing through the centres of the two zone plates 
is defined by the interferometer. If the propagation axis of the 
incident wave is tilted with respect to the interferometer axis by an 
amount e then a relative tilt of 2 e occurs between the two output 
waves. The tilt is made apparent by a pattern of straight interference 
bands over the exit aperture. The band spacing d, where A is the 
wavelength of the illumination, is given by 
A 
d = 2e [9.1] 
The direction and magnitude of the tilt is indicated by the direction 
and number of bands which can be observed on a screen placed after ZP2 
as in fig lb. 
After ZP 2 has been formed and replaced. a large change of curvature of 
the input beam can be introduced by an axial displacement of the 
source. This produces relative changes of curvature to the output 
wavefronts because of the unequal longitudinal magnifications. Hence an 
interference pattern is formed consisting of a system of concentric 
rings and the centre of the ring pattern is displaced for a tilt of the 
interferometer axis relative to the source. 
If no change of wave front curvature or phase is introduced, the 
straight bands are "fluffed out" when the light source is on axis. 
Moreover the fluffed out pattern is dark because the second zone plate 
is a negative recording of the intensity distribution in the initial 
-w 
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Fig la Typical ray paths in the pointing interferometer. 
"+1" indicates the wavefront that converges in the 
first order of diffraction. 
Fig lb Tilt of the incident wavefront propagation axis 
produces a pattern of straight bands. 
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fringe pattern. This unique minimum in the transmitted intensity 
enables simple photoelectric detection to be used to determine the 
position where the light source is on axis. 
Ideally each zone plate would diffract energy only into the orders 
necessary to produce two output wave fronts having similar and maximum 
intensities. In practice several' pairs of wave fronts are produced in 
various combinations of diffracted orders at the two zone plates. These 
produce different sets of interference patterns which tend to confuse 
the patte,rn chosen for measurement. The effects of the unwanted 
patterns can be reduced by two methods. 
The alignment pattern can be produced by interfering the wave front 
devia ted by the first diffracted orders at ZP, and ZP 2' with the 
wavefront undeviated by ZP, and ZP2 . In fig 2a, using a distant source, 
the size of the main pattern remains constant as the distance to the 
screen S is varied while the other patterns alter in size. As the size 
of the unwanted patterns increase, their intrusiveness decreases along 
wi th their intensity. However, the screen distances can often be too 
large to be convenient. Photoelectric detection is also inconvenient 
with this system. 
The other method of producing a clear pattern is to isolate the 
relevant wavefronts by focussing to a small aperture before 
illuminating the screen or photodetector. An optimum intensity ratio 
can often be obtained by using the wavefront' undeviated by ZP, and 
diffracted by ZP2 ' and the wavefront diffracted by ZP, and undeviated 
by ZP2 . A lens is used to focus the wavefronts to the small aperture in 
fig 2b. Some diffracted orders at ZP 2 produce converging wavefronts 
which may be filtered by an aperture in the appropriate, position, 
without the use of a lens as in fig 2c. 
The undeviated wavefronts and diverging wavefronts at ZP, combine at 
ZP2 to produce patterns that exhibit a reduced pointing sensitivity. 
This is because the diverging wave front is not inverted with respect to 
the undeviated wave front and the sensitivity to tilt is only due to the 
wave front shear at ZP2 . 
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Fig 2 The effects of extraneous patterns due to diffraction 
in multiple orders can be diminished by 
a) observing the required pattern on a distant screen 
b) filtering the required wavefronts with a lens and 
aperture 
c) filtering the wavefronts in the higher diffracted 
orders without using a lens 
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9.2 Experimental results 
Pointing interferometers were assembled using photo fabricated zone 
plates as the component ZP 1. These were formed in both photographic 
emulsion and photoresist materials, by processing the recording of an 
appropriate interference pattern (5). The second . zone plate, ZP2 , was 
formed in situ in photographic emulsion by illuminating ZP 1 with a 
coherent wavefront from a point source at a distance of approximately 
1 metre. Interaction of the zero and first diffraction orders from ZP 1 
produced a zone plate pattern that was recorded on Agfa 8E75 
holographic emulsion. This was processed in D19b developer, fixed, 
washed and replaced. Where higher transmission efficiency was required, 
the record was bleached using a Kodak Rl0 formula. The axial separation 
of the components ZP 1 and ZP 2 was about twice the focal length of ZP 1 
to ensure that both the zero order and first order wave fronts from ZP 1 
occupied similar areas at ZP 2. The first order wavefront from ZP 1 
typically contained about 20% of the incident energy. 
Tilt of the illumination axis with respect to the interferometer was 
achieved by translating the illuminating source shown in fig 3a. The 
source was produced by illuminating a single mode optical fibre with a 
helium-neon laser and mounting the exit aperture of the fibre on a 
precision cross slide. Trials were conducted using a component ZP 1 of 
diameter 11 mm and focal length 41 mm and forming the component ZP 2 at 
a distance of 96 mm from ZP 1• Eight straight bands were obtained over 
the diameter of the exit wavefronts for a transverse displacement of 
the fibre tip by 300)lDl. This corresponded to a tilt of the 
illumination axis of 1 min of arc. Setting to 0.1 of the band spacing 
was.possible at the dark field null by viewing the pattern projected on 
a screen. Setting to 0.05 of the band spacing was achieved by measuring 
the minimum intensity point with a photocell and meter. The latter 
figure corresponds to a repeatability of 2 )lDl transverse movement of a 
source at 1 m or 0.4 sec angular movement. 
Where it is inconvenient to mount the light source on the object being 
translated an open ended system is required. To provide such a system, 
the laser was mounted alongside the interferometer and the unexpanded 
beam dtrected to be coaxial with the pointing direction, fig 3b. A 
Source 
[ 
rical Sphe 
mirro r 
-
,. 176 ,. 
"" 
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...... -" 
Aperiure 
a) 
Interferometer 
: "['. ..-...... -" ,. -..-
...... ~ 
....... 
~ r l ~. I 
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b) 
Fig 3 a) Monitoring the transverse position of a light source 
b) Monitoring the transverse position of a reflective 
spherical surface with the open ended system 
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concave mirror of 38 mm focal length, was attached to the object to be 
translated and used to image the illuminating source. Subsequently the 
reflecting surface of a small sphere was used to provide an image which 
was located much closer to the point of attachment so as to follow more 
closely the displacement of this pOint. Commercially available steel 
bearing balls were tried as reflectors but the surfaces of these 
generated too much speckle. On the other hand, high quality 6 mm 
diameter ceramic balls, ooated with an aluminium layer, gave better 
results. However, due to the small diameter and high curvature of the 
bearing balls, the reflected light was dispersed over a greater area 
than when using the mirror with a larger radius of curvature. This 
meant the intensity at the interferometer aperture was much lower. 
In these experiments, the zone plate ZP, produced several orders of 
diffraction. Most of the diffracted energy was contained in the two 
first orders which in combination with the undeviated wavefront, 
produced three concentric interference patterns at ZP 2' Each pat tern 
was simultaneously recorded and effectively formed a zone plate of 
different focal length to the others. In subsequent use as a pointing 
interferometer, each one of these zone plate records at ZP2 operated on 
the three main wave fronts produced by ZP,. The result was a large 
number of output wavefronts, some of which diverged and some of which 
converged to pOints along the axis. The requisite wave fronts could be 
isolated with spatial filters as previously described. 
Patterns corresponding to a tilt of the incident wavefront formed bands 
perpendicular to the direction of transverse displacement of the 
source. The optical fibre 
displaced by 300 J.IID and 800 
source, placed metre from ZP 2' was 
J.IID in figs 4a, b. Patterns produced by a 
displacement of the concave mirror reflector, and by the ceramic ball 
reflector, are shown in figs 5a,b. Thes~ patterns were isolated using a 
supplementary lens· and spatial filter as in fig 2b. ZP 2 was bleached 
for a higher transmission efficiency in figs 4a,b, and 5b. 
The patterns produced by the other methods illustrated in fig 2 are 
also shown. Fig 6a shows a typical tilt pattern observed on a screen 
placed 300 mm after ZP 2' The pat tern was formed by a wavefront 
undeviated in transmission at ZP, and ZP2 and a wavefront diffracted in 
the first orders at ZP, and ZP2 • No supplementary lens or aperture was 
used to filter the pattern, as shown in fig 2a. 
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J 
Fig 4 Tilt patterns produced by displacing the optical fibre 
source at 1000 mm, by 
a) 300 pm, corresponding to angular displacement of 1 min. 
b) 800 pm, corresponding to angular displacement of 2.7 min . 
ZP2 was bleached for higher efficiency. The patterns were 
filtered using a lens and aperture as in fig 2b. 
~) 
Fig 5 Tilt patterns produced using the open ended system and 
displacing the source image formed by 
a) the concave mirror - radius 76 mm 
b) the reflecting sphere - radius 3 mm 
ZP2 was bleached for the example in fig 5b . The patterns 
were filtered using a lens and aperture as in fig 2b. 
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Fig 6 Tilt pattern observed, 
a) on a screen 300 mm from ZP2 , No lens or aperture used 
for filtration, as in fig 2a, 
b) after filtration at an aperture placed 60 mm after ZP2 , 
The wave fronts were focussed to the aperture using higher 
orders of diffraction, but no lens, as in fig 2c, 
~) 
Fig 7 Tilt patterns produced by displacing the source image, 
The image was formed , metre from the interferometer 
using a concave mirror, 
Displacement values are a) 200 pm, b) 400 ~, 
The patterns were isolated by focussing, without an 
auxillary lens, to an aperture placed 99 mm after ZP2, 
The two superposed tilt patterns are due to multiple 
interference patterns being formed at ZP2, resulting f rom 
several orders of diffraction at ZP" 
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Fig 6b shows tilt patterns filtered by an aperture placed 60 mm after 
ZP2 as in fig 2c. These result from a wave front diffracted in the first 
order at ZP, and second order at ZP2 , and a wavefront undeviated at ZP, 
and diffracted in the first order at ZP 2' The wavefronts converged 
without the use of a supplementary lens, but in this case were of 
different intensity so the contrast of the interference pattern was 
low. The contrast has been increased somewhat in the reproduction. 
Figs 7a,b show tilt patterns filtered by an aperture placed 99 mm after 
ZP 2 and without the use of a supplementary lens. The wavetronts that 
contributed to the pattern of two dark bands in fig 7a were each 
diffracted by the action of the different zone plate patterns that had 
been simultaneously recorded at ZP 2' One wave front was undevia ted at 
ZP, and diftracted in the first order at ZP2 by the pattern formed 
previously. This zone plate pattern was due to the interaction of the 
two first order wave fronts from ZP,. Another wavefront, diverging due 
to diffraction in the first order at ZP" was also diffracted in the 
first order at ZP 2' The relevant zone plate pattern here was that 
formed previously by the interaction of the converging first order 
wave front and the undeviated wavefront from ZP,. 
A greater displacement is required to produce the same number of 
fringes made apparent this way than by using the mutually inverted 
wavefronts dis,cussed so far. This is because the wavefronts are not 
inverted with respect to each other and the relative tilt is due to the 
wavefront shear at ZP2 . Wave front shear occurs because the diverging 
wave front overfills the aperture at ZP2, in this case in a ratio of 3 
to ,. However, there is a path by which an inverted wavefront can be 
·focussed through the filtering aperture. This gives rise to the lower 
contrast, higher' frequency background pattern apparent in fig 7b. The 
overall effect is an output showing superposed patterns of different 
spacing for a given displacement of the source. 
After forming the component ZP2 with a source at , metre, the relative 
separation of the source and interferometer was increased to ,400 mm to 
investigate sensitivity to axial movement of the source. This produced 
a pattern of rings. Setting could then be achieved by centring the ring 
pattern, fig 8a. Alternatively the curvature of the bands in the 
pattern could be removed by slightly adjusting the separation of the 
zone plates, in the presence of a transverse displacement, figs 8b,c. 
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Fig 8 Patterns arising from a source at 1400 mm. ZP2 is 
formed with the source at 1 m from the inteferometer. 
a) source on axis - no focus compensation 
b) source off axis - no focus compensation 
c) source off axis - focus compensation by adjustment 
of the separation of ZP 1 and ZP2 
Fig 9 The interferometer used as an autocollimator. The wavefront 
from a tilted plane mirror produces a pattern of straight bands. 
The patterns are observed on a screen placed 300 mm beyond ZP2 
without using an auxillary lens or aperture to isolate them. 
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Setting was then made as before by adjusting to a uniformly dark field 
but the sensitivity to a transverse displacement of the source was now 
less as the numerical aperture subtended by the component ZP 1 at the 
. source had been reduced. 
The interferometer was also used to monitor the tilt of a plane 
reflecting surface. Here a collimated beam was projected along the 
interferometer axis to be reflected by a plane mirror. A component ZP2 
was recorded under these conditions and replaced. Subsequent tilt of 
the mirror and hence the reflected wavefront produced straight bands 
shown in fig 9, with a sensitivity comparable to a conventional· 
autocollimator. A similar function could be fulfilled by a Fizeau 
interferometer but the large optical path difference would necessitate 
the use of a stabilized laser source. 
9.3 Moire interpretation of the tilt pa&terns 
If a diffusely transmitting screen is placed immediately after ZP2 ' the 
tilt patterns can be seen on the screen. An alternative method for 
calculating the spacing of the bands is to consider them as a moire 
pattern resulting from two overlapped zone plate figures. 
The wavefronts produced by diffraction at ZP 1 combine to form an 
interference pattern of concentric rings. It is this pattern that is 
recorded to form the zone plate ZP 2. Returning to fig la, a plane 
wavefront is shown, interacting with a spherioal wavefront of radius f, 
where ZP 1 and ZP 2 are separated by 2f. For values of f» n)., the 
radius r of the nth ring in the interference pattern recorded at ZP 2 is 
given by 
r 2 :2fnA 
n 
[9.2] 
USing values of f: 41 mm and A: 0.6328 pm, the radius r of the 
central zone can be calculated to be 0.23 mm. 
If after forming and replacing ZP2 ' the illuminating axis through ZP1 
is tilted with respect to the interferometer axis by an amount g, then 
the centres of the inoident and recorded patterns at ZP2 are displaced 
by an amount 2 £} f. If two zone plates with central zones of radius r 
are transversely separated by an amount Ax, where Llx < r, the dominant 
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moire pattern is one of straight bands of spacing r2/2Ax (6). 
Substituting for 6x and r2 the band spacing d is given by 
d - ~ 
- 26 [9.3] 
A Japanese paper reports on a method for aligning an optical system 
using moire fringes (7). The wavefront emerging from the optical system 
is combined with a plane wavefront in a Mach-Zehnder configuration. The 
resultant system of live interference fringes is overlapped with a 
binary reference grating, in the form of a synthetic zone plate. This 
produces high contrast moire patterns indicating the shape and position 
of the spherical wavefront-. 
9.4 MOire-pattern pointing device 
In the previous section, a pointing interferometer was described that 
could be used to define an optical axis. The axis was located by 
positioning a point source of monochromatic light and observing the 
alignment patterns produced by the interferometer. 
One method of analysing these patterns was to calculate the optical 
path differences arising between a wavefront and its holographically 
reconstructed replica. The other analysis considered the patterns as a 
moire effect resulting from the superposition of a fine interference 
pattern and its photographic record. It followed that the recording 
formed a fine grating in which the pitch dimensions were comparable to 
the wavelength of light. 
The moire-pattern pointing device described in this section makes use 
of two coarse gratings with dimensions much greater than the wavelength 
of light. Two zone plates separated. in parallel planes, are used to 
define an axis. The axis is located by positioning the eye and viewing 
the moire patterns, fig 10. The shadow of one zone plate, viewed in 
diffuse incoherent illumination, is superposed on the other zone plate 
to form the patterns. 
The two zone plates were photographically enlarged to slightly 
different scales using a negative of an original drawing in black and 
white. They are similar except that one has slightly larger zones and 
is a negative version of the other, ie one plate has an opaque centre 
- 184 -
Binary zone 
plates 
~ 
Small . ~&A 
aperture---- . / 
Observer 
Fig 10 The moire-pattern pointing device 
zone and the other has a transmitting centre. The plate separation 
means they appear at the same scale to an observer placed at a 
predetermined distance from the device. When the eye of the observer 
has located the axis, the two figures superimpose to form a dark field. 
When the observer then moves his eye transversely, moire patterns of 
straight parallel equispaced bands appear. As with the pointing 
interferometer, the orientation and spacing of the bands indicates the 
direction and magnitude of the transverse displacement. 
In the device described here the plates contained 50 opaque zones. The 
zones were binary in nature ie either uniformly transmitting or opaque. 
The outer zone diameters were 260 mm and 273 mm and the plate 
separation was 455 mm. Photographs were taken of the moire patterns 
using a 35 mm camera fitted with a 200 mm focal length lens. A large 
lens aperture meant more light was available for a shorter exposure. A 
small aperture meant the pattern contrast was increased because of the 
lower angle subtended at the device. A good compromise was achieved 
using a 9 mm diameter aperture. The zone plates were back illuminated 
axial 
distance 1 m 
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(large vertical offset from axis) 
axial 
distance 3 m 
axial 
distance 6 m 
dark field 
at 9 . 5 m 
axial 
distance 15 m 
" 
on axis x = +50 mm x = + 100 mm 
Fig 11 Photographs of the moire patterns at various axial distances, 
for various transverse displacements (x) from the axis. 
A dark field is produced on axis at 9.5 m. Closer to the 
device, a moire pattern of rings is seen. The pattern centre 
appears to move in the direction of transverse displacement 
of the observer. Further away, the direction is reversed . 
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x = +50 Y = +50 
x = -150 x = -50 null x = +50 x = +100 
Fig 12 Photographs of the moire patterns seen at 9.5 m, for 
various displacements (x and y in mm) from the axis. 
with a photographic viewing box consisting of a diffusing screen and 
two 30 watt strip filament lamps. Photographs of the patterns, taken 
outside in dull daylight conditions are shown in figs 11 and 12. 
When the observer moves his eye along the axis, the relative scale of 
the two zone plates alters. The moire patterns are then formed by two 
zone plates now with different size inner zones. The resultant pattern 
is one of concentric rings with the radius of the n th ring 
proportional to 4fl ie moire zone plates (8,9). 
A measure of the repeatability of looating the optical axis was gained 
by viewing the patterns through an aperture of diameter 1 mm . This was 
mounted on a transverse slide and repeated settings of the aperture 
position were made, for different distances from the zone plate device. 
Generally the patterns were concentric rings, the setting being made by 
observing and centring the outer ring within the zone plate aperture. 
This proved slightly easier when the outer ring was a dark ring just 
inside the aperture than when the outer ring was a bright ring . At one 
axial 
position 
m 
3 
6 
9 
12 
15 
18 
21 
24 
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3 <s standard 
deviation 
mm 
2.5 
2.5 
2.6 
4.0 
6.2 
7.6 
8.6 
15 
36 X 100 
position 
0.8 
0.4 
0.3 
0.3 
0.4 
0.4 
0.4 
0.6 
Table 9.1 The repeatablity of setting for positions at 
various distances along the axis, also expressed 
as a percentage of distance from the device. 
position 9 metres along ·the zone plate axis, the patterns were straight 
bands that fluffed out to a dark field. The fluffed out field was not 
uniformly dark due to the imperfect structure of the zone plates. The 
36 standard deviations for twelve settings at each of eight different 
axial positions were calculated and are listed in table 9.1, expressed 
as a percentage of the axial position. At 6 metres the repeatablity of 
setting is one part in 2400, ie 1.4 mins of arc. 
This pointing device is suitable for applications where coherent 
illumination.is either unavailable or undesirable, and a lower degree 
of precision is required compared to that available with the pointing 
interferometer, eg in surveying, civil engineeering. 
Since performing this work, the author has discovered a device that 
uses moire grids to act as an optical guidance system for ships (10). 
The accuracy is quoted as 1 part in 1000, ie at 2 km the guidance is 
accurate to 2 m. Two adjacent pairs of grids, each consisting of 
straight parallel bars, are arranged to produce two systems of dark 
bands. When viewed from a point in the vertical plane defined by the 
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system, the total field is dark. When viewed from a point to one side 
of the plane, two systems of moire patterns are formed to resemble an 
arrow head, indicating the direction to the defined plane. 
Another instrument made by the same company uses a pair of moire 
screens attached to a straight edge and to a pendulum for checking the 
inclination of straight edges in building, surveying etc. The accuracy 
is claimed to be O.2~. 
9.5 Future work with pointing interferometers 
For measuring-machine applications, two interferometers with inclined 
axes could be used to position a light source in three-dimensions. 
Two-dimensional pOSitioning would be accomplished using one 
interferometer as before, using the second interferometer to position 
in the third axis. If the interferometer axes intersected, a unique 
position could be defined in three-dimensions where both 
interferometers produce a uniformly dark field. A small displacement of 
the source along one interferometer axis would. then produce a change in 
the tilt pattern from the other interferometer. A displacement in a 
direction normal to the plane containing the axes would produce a 
change in the patterns from both interferometers. 
To avoid the need for accurately aligning the interferometer axes so as 
to intersect, both ZP 2 components could be recorded simultaneously 
in-situ. However, if the alignment were disturbed, both interferometers 
may not indicate a uniformly dark pattern for the same source pOSition. 
It may be deSirable to continue to define a position as indicated by 
the simultaneously uniform patterns, eg to be able to set using simple 
photoelectric detection of the whole field. This could be accomplished 
either by using three interferometers, each only sensitive in one 
transverse direction, or one such interferometer defining a plane and 
one other zone plate interferometer defining an axis, as is the subject 
of this report. Linear gratings with varying spatial frequencies, 
instead of zone plates, would be required for the interferometer with 
reduced degrees of freedom. These could be approximated by using narrow 
diametrical strips of zone plates. Finally more compact interferometers 
could be devised by optically folding the ray paths at reflecting 
surfaces. 
-------
- 189 -
It is hoped to explore the use of sources wi th reduced coherence and 
also the use of higher efficiency zone plates to improve the pattern 
contrast without spatial filtration. Higher sensitivity could be 
obtained using zone plates which subtend a higher aperture at the 
-source, and higher pattern contrast by using prefabricated zone plates 
for both components. Prefabricating the component ZP 2 would enable an 
optimum beam ratio to be used without the additional modulation caused 
by the multiple orders at ZP 1 . It would, however, remove the automatic 
compensation of wave front aberration by ZP2 . Blazed zone plates, 
-designed to produce the optimum energy concentrations in the undeviated 
wavefront and in one diffracted order, would also reduce the number of 
spurious patterns at the output stage. 
When forming zone plates in photoresist materials, it is necessary to 
record at relatively short wavelengths. Subsequent illumination at a 
longer wavelength, such as that of the helium-neon laser, means that 
wavefront aberration is introduced. This can be compensated by an 
appropriate choice of recording conjugates, or the insertion of a plane 
parallel plate in the reconstructed beam (11). An interferometer 
consisting of a glass cylinder with zone plates formed on each end 
would have advantages in terms of robustness and stability. The glass 
cylinder would also contribute to the aberration compensation. 
Gates and Bennett have suggested that simple pointing interferometers 
could be incorporated permanently in a structure to monitor any long 
term deformations. The diffracting interferometer would be well suited 
for this purpose, particularly if the components ZP 2 were formed in 
situ. Points on the structure could be defined, for example, using an 
array of single mode fibres fed by one laser to act as sources of 
illumination. 
It is also hoped to apply the holographio interferometer to the 
examination of optical quality surfaces. A particular case is concerned 
wi th laser-fusion targets known as micro-balloons. These are hollow 
glass spheres, typically of diameter 200)llD, which are filled with a 
mixture of gases and then placed at the focus of a high intensity laser 
to study plasma processes. The optical quality of the spheres needs to 
be determined prior to filling and a possible method is to use the 
holographic interferometer to make visible the path differences through 
the sphere walls. Wavefront shearing interferometry has been- used to 
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assess the quality of targets immediately before irradiation by a 
high-power laser (12). 
To apply the holographic interferometer, the first zone plate is 
illuminated with collimated light and the second zone plate formed in 
situ with no sphere present. The sphere is then illuminated at normal 
incidence by placing it midway between the zone plates, at the focus of 
the converging beam. The walls of the sphere will introduce path 
variations and when the beam is recombined at the second zone plate an 
interference pattern will be visible. Initial trials with sample 
spheres obtained from the Rutherford and· Appleton Laboratories have 
shown these patterns. This application requires good quality zone 
plates of high NA. 
9.6 Chapter summary 
Optical instruments are used in alignment 
interferometers which define an axis. The 
and include pointing 
holographically formed 
interferometer can be made lighter than one using conventional 
components and is more suitable for mass production. The aberration 
compensating action of the component formed in situ produces a unique 
dark field null setting. This in turn enables Simple photoelectric 
detection of the null setting to be peformed. Repeatability of setting 
equal to 0.4 seconds of arc has been demonstrated and could be further 
increased using zone plates with higher optical powers. 
On a larger scale, a device that utilizes the moire patterns formed by 
two binary zone plates has been demonstrated. The axis defined by the 
device is Simply located by viewing through a small aperture in 
incoherent illumination. Axis location with the naked eye was found to 
be better than 1.5 min of arc over a 20 m range of axial positions. 
•. 
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Chapter 10 
THESIS SUMMARY 
·The subject of this thesis was a common-path interferometer for 
defining and locating multiple positions in. three-dimensional space. 
Gates proposed that a two-dimensional array of reflective zone plates, 
formed on a flat. substrate, would define a three-dimensional array of 
positions. This array could then be used as a transfer standard for 
verifying the positioning performance of three-axis machines used in 
precision metrology. The positions· could be located using an optical 
probe attached to the machine quill and completing the interferometer 
system. 
The optical probe contained two zone plates. One acted as a beam 
divider and the other as a beam combiner. The latter also corrected for 
the effect of wavefront aberrations introduced by the optical system. 
The use of the zone plate as an optical component was examined in 
Chapter 2, while interferometry for the measurement of position and 
displacement was reviewed in Chapter 3. 
The factors affecting the sensitivity of the zone plate interferometer 
to small displacements of the probe from the defined positions were 
analysed. Expressions were derived for the transverse and axial 
displacement sensitivity in terms of the conjugates of the illuminating 
wavefronts and the focal lengths of the zone plates. The displacement 
sensitivity was found to vary in a manner that was not practicable for 
the measuring machine application. Various wavefront configurations 
were explored both theoretically and experimentally, and the resulting 
position-sensitive interference patterns were photographed. 
Measurements from these photographs produced sensitivity values in 
agreement with those predicted. 
A zone plate interferometer has been developed by the author. which 
utilizes two orders of diffraction at the position-defining zone plate. 
This provides a position sensitive wavefront and a constant geometry 
reference wavefront. Unlike Gates' interferometer, the system has a 
displacement sensitivity that is independent of the distance between 
anyone zone plate and the position that it defines. 
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A typical system is one in which the position-defining zone plate is 
illuminated to fill a numerical aperture of 0.1 at a wavelength of 
632.8 nm. The displacement then necessary to produce a phase change of 
2~ over the aperture radius is 3.2 pm in the transverse direction and 
63 pm in the axial direction. In the laboratory trials described here, 
a value for the precision of reset.ting using the most practical method 
was found to be 0.25 pm for the transverse setting in the x and yaxes, 
and 4 pm for the axial setting in the z-axis. 
Various techniques for increasing the axial sensitivity were 
investigated but these all required the transverse position of the 
probe to be set to better than 1 pm. Most measuring machines are not 
capable of being positioned this precisely even though their scales 
indicate so. 
One way round this problem would be to attach the optical probe to the 
machine quill using a miniature stage for fine positioning in 
three-dimensions. This could be driven, for example, by a piezoelectric 
device and the small displacements monitored using LVDT transducers of 
the type made by Tesa. The optical probe could then be set to within 
1 pm of the optically defined position. The measuring machine 
indication of position would be deduced from a combination of machine 
scale readings and Tesa transducer readings. Without such a facility, 
it was found that the most practical method of detecting the null 
setting was to measure the total light flux in the position indicating 
pattern. This utilized a single photocell and meter. 
Many of the measuring machines used in industry are situated in far 
from ideal conditions. A common· cause of measurement error is 
dimensional change in the machine or .workpiece due to temperature 
fluctuations. It was also found that vibration was a common problem. 
This came from external sources or the machine drive itself and had the 
effect of reducing the contrast in the position-indicating pattern. The 
result, when detecting the minimum intensity position with· a simple 
photocell and DC electronics, was a poorly defined null. In these cases 
it was often necessary to view the pattern relayed via the closed 
·circuit television and make a visual estimate of the null setting. It 
may be possible to overcome the effects of vibration by using a pulsed 
light source, or electronic sampling at a suitable frequency. 
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In the future it may be possible to produce zone plates with higher 
diffraction efficiency. This would reduce the number of undesirable 
wavefronts and enable the spatial filter aperture to be dispensed with. 
Higher optical quality zone plates would enable the first zone plate to 
be used as a beam combiner without the need for the aberration 
correcting action of a third zone plate. Early trials have shown 
improved contrast patterns that can be viewed with a beam divider' 
placed before the first zone plate. 
The position-indicating pattern proved to be easier for new operators 
to interpret than was previously thought. The pattern provides a 
simultaneous indication of the position of the probe in three 
dimensions, although with the Simple field the sign of the displacement 
. is not immediately apparent. Operators with no previous experience with 
, interferometry have readily adapted to driving the machine to the null 
position defined by the uniform field. The interpretation of the null 
setting by observation of the field often proved to be subjective 
however. The minimum flux indication with photocell and meter proved 
necessary to ensure consistency between different operators. 
The results of trials with measuring machines in various establishments 
belonging to the Government have been presented. The results have been 
broken down to give a measure of the performance of the machine and the 
·interferometer in three coordinate directions X,Y, and Z, in the XY,XZ 
and ZY planes and for full three-axis measurements. The HMS errors in 
each category have been calculated. The averaged repeatability of 
setting on one optically defined position was then found to be 1 ~ in 
the transverse direction and 6 ~ in the axial direction. 
The advantages of the optical space frame include the noncontacting 
nature of the measurements, the compactness of the standard artefact, 
and the large number of length measurements that can be performed by 
the measurement of a relatively small number of pOints. For example, 20 
points define 190 lengths., The optical space frame only requires one 
setting at each point to be made to determine the coordinates of that 
point. Determining the centre of a sphere on a mechanical space frame 
requires at least 4 points on the surface of the sphere to be measured. 
The optical space frame is well suited to the definition of a large 
number of points, where a dense array is required to cover the volume 
more completely. 
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Finally, and arising from this work, an interferometer incorporating 
just two zone plates has been described. It has been shown to be 
sensitive to the transverse displacement of a coherent light source, a 
typical repeatability of setting being 0.4 seconds of arc. Two pointing 
interferometers with intersecting axes could be used to define a 
position in three-dimensions. 
A similar but larger scale arrangement of amplitude zone plates was 
used to define an optical axis to a lower degree of precision. In this 
case, the axis was located by viewing the moire patterns generated in 
incoherent illumination. Repeatability of setting. was better than 1.5 
mins of arc, over a 20 m range of axial positions. 
The thesis has shown that interferometers can be applied to metrology 
in engineering, for the precise location of multiple positions. 
Interferometers incorporating diffracting components such as zone 
plates enable relatively light-weight and inexpensive instruments to be 
assembled. These produce well corrected wavefronts and hence consistent 
interference patterns. 
Developments in pattern processing, due to advances in microcomputers 
and photosensor arrays, will lead to cheaper and more portable systems 
for analysing interference patterns. This' will further increase the 
versatility and range of applications of interferometer systems • 
.. Intensity variations in the illuminating source, local surface defects 
or obstructed areas of the zone plates have only a minimal effect on 
such measurements, making for systems suited to the sometimes hostile 
environment of engineering metrology. 

